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CHPE ,T-PENM'O OF~ A- SHOAN

ITS SASIC ALWLAYIONS

Pyrodynamaics is the st udy of the phendtiteena occurjrlng in the bore

of a.,gun. when, the, latter is f ired, t~ i xeans fobr establishing the

rielation- existing between the l:oidi.g .canditAias and the various

-Physical and chemical processes and mechaz~ical phenomena, occurriIng.

the6reby..,

_'Ue mutual relationship and, irterdependence of the various elemnts

,aid, f actors, inxvolved are &le.#Fly wanif ested in, the phenomenon of X~

shot. For example, the movement of ,a shell -depends on gas pressure,

whereas the pressure itself depends on both the % burziing-of powder and

the initial air space back of the shell,, the latter in turn depending

on the speed of the shelLi

The phenomenon of a shot may be considered to, consist of the

1followbing pciriods.

1. PRELIXINARY PERIO'D

The action of a. negl-igible external impulse -such as the

percussion of a firing pin or heating by an electric current - ignites

the- composi'tion of a percussion cap, and the resulting flame in

turn ignites th,- igniter mixture in the primer cup (usually in the

form of a tablet of black powder). The gases produced by the

igniter and- the-incandescent particles of its combustion products

enter the- powder chamber through a special opening, and the resulting

'Aigh temperature and pr-essure (pBj 20-,50 kg/cm) cause the ignition

of the powder charge.
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When ig;,Ltelp the pq'A'der burnis. bt first in- 1 cOns.tnt wVoluie

-until1 tie- gzr; pressure7 blecotivs stiff icilently -high to, overcople the

resistance o? 'the rotating band and, 'force it into the, rif I-Ing grooves.

This -period of -a shot ihay be considered as 'being -purely

pyrostitic, Ain fharacter,. because the owder'burns~ in a constant- vo1arie

(space).0

Inasmnuch as,, the -rif.ling, is -provided, with- a forcing- cone-at Its

-start, the rotating band enters -the, grooves gradually , and upon

attaining the f'ull, depth of the, thread its.resistance. undergoes A

sudden, drop and, the shell ~proceeds through the bore-with the band

already f ully 'notched.

'-*,eforcefl necziessary f or notching the 'band. to the iull depth

of the grooves taken with relation to the cross-sectional unitu area

of the 'bore s, i.e,,, 770/s" is called the'lpressure -necessary to,

overcome the ineirtia of the projectile" and is designated as.

pO m ITo,/s kg/cm

Pressure p0 may vary from 250 to 500'kg/cm2 dependingq~n -the

I design of the rotating band and- the rifling in the bore.ti This period -of a shot, when the powder-gases commence to move
the projectile and overcome the increasing resisance of the band.

Iuntil the latter is notched to the full depth of the grooves- and

traverses a specified distance., may be called -the "forcing period""

or the period of notching of the band. During this period the

projectile traverses .a distance equal to that measured from the initiAl

position of the rear edge of the rotating band to the point at which

the rifling grooves attain their full depth.
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41ThIs. period, -measured from. the gtart of the -projectile "S

iidovement uhtil the end, of powder burnilng in- the, bore, when- the 'inflow

of f resh, gases stops, is -the most com~plcatOed jp eriod: on, the one

hand the process of -burning and, the continuous iflow of gasea

iucrease. the pressure inside -the 'bore, whereas o n the other hanid the

continuous. acce lerat-ioi .of the, proctile and the result Ing incdrease

of 'the Initial "air space." -tend to, redu.e, this, -pressure,,

~AA the start of- the basic period, when the vielocity of the

projectile-is st'ill: not Very 'high, -the quahtiy of gases increases.

at a gieiter rate 'than the Volume of the initia1 air space, and the

pressure increases; until it reaches a, maximum value p.. However,.

the pressure increase and hence the increased acceleration of the

projectile cause a rapid' increase of the air space '(volume)-,Oack of

the projectile, 'so that notwithstanding the, continued' burning of 'the

powder and the inflow of, f resh gasei, the pressre beistodo

until it attains a, value OKj at the end of burning; at the sase time

the vieloci-ty of, -the- projecti-le -increases -frow- zero -to V.The

powder gases perform most -of 'their work during: thi's basic period.,

The maxi muNi gas pressure is also developed during this period-

this constitutes one of' the fundamental";ballistic6 charActerigtics

of the powder and the gun in firing.

TheiMaximum pressure serves -as th~e basic data for establishing

the wall th~tckhegs of the guu barrel and the projectile, whereas a

k~owedg of he ssoiate maimumacclertionof he pojetil

inecessary for designing the inertia-parts of-time fuzes and in

devices.
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theni', acordlng to the general theory of mechanics, to w'I-t, that* "the

incremnent Of work. done by a force equals the incremet of kinetic

energy," we will have(*).

V sdL d(V

Integratifng, we get.:
LiL

2

'0

whence

o

The expression f pd 'epresents the area confined between the,

SbscissaL and the pressure curve; and inasmuch as it continuously

increases,, the velocity v, will also undergo a continuous increase,

whereby, the nature of' the increase Of v willdepend on the, charac-

teristic of the pressure curve., Inasmiuch aS .the pressure, after

reaching a maximum, undergoes a continuous drop, the area increase

becomes smaller and smaller, and the veloc.ity increment of the

projectile gradually decreases at the end of, "itstravel through the

bore, i.e., the v,,t curve becomes flatter.

(*) PS-the product of pressure by the area equals the force applied
to the entire area of the projectile's base.
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Acording to the equntion of, the projectle's motion

-~ -dv4

theprssure curve, drawn to aspecific scale gives the curve of the

prodJectile!*s accelerations:,

dv 's

*beke dv/dt is ,the tangent -,f the aingle of, inclinationj of the curve

'representingtevocy of the projec tile- -as a ftunctidn, of; time.

inasmuch, as the, pressure continues 'to- increase until it reaches

A its- maximum,, the velocity curve. v,. t picoceeds with an -increasin~g

angl6 of inclination wvith its convex side directed downward. A point

of naf lexion. is obtailned-at the point of saaxiuum pressure, and

thereafter, as the ,pressurei -decreases, the v, t curve conitinues wi-th

iis convex side directed upwards:

v pdt.0

to

4. THIRD -PERIOD

-After the projectile leaves the barrel, the- gases flowing behind

it with a -high velocity continue to exert-a pressure on the base of

the projectile for a certain distance 1 n' 4nd thus continue to

accelerate the -rojectile. This period of a&-shot is called the third

period 6r ithe "1af ter'-effect period of the gases." The projectile

.. ,-acquires its maximum velocity v MAt the end of this third period,
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F Iol Iow Ing which its velocity begins to decrease under the action of

air resis'tance.

SIn -addition to this after-effect action on the projectile, the

gases exert -ressure also on the gun barrel; the tatter action pl-ays

an Impbrtant par-t in the design of the gun mount, and the fuzes. The

duration of the after-efofect of the gases on the gun mount is

considerably longer than On the -projectile..

In addition to the basic processes mentioned' above, there is also-

4 series of auxiliary processes affect-ing the phenomenon of a shot.

Thus, for example, the -movement of the projectile. through the bore, is

Accompanied by a non-uniform displacement of the gases in the initial

air space :and also by the recoil of the barrel. The projectile

acquires a, rotary or spinning motion in addition -to the forwaid straight-

line- motion. Some of the gases escape through the clearance between

the rotating band and the rifling of the bore,, thus overtaking the

projectiie without first performing useful work; a portion of the

heat energy, is spent on heating of the barrel walls (losses due to

heat transfer).

The following basic processes and relationships can therefore

be established on the basis of the shot phenomenon discussed above.

1) The source of-energy is derived from the expanding gases

formed during the burning of the powder, and hence the laws of

gas formation constitute the basic relationships expressing the process

of burning of powder. The following laws apply to the science of

pyrostatics:
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S. , ' 'IA -~ C "

-a). gas forma! i on, governed by the burned thickness of the powder

y.~z'l+ " i 2 ),

or
4

4C, '. 1z(l + 7Iz),' J

%where

Acr
z - and"- ' " c

b) burning rate

U - ulp;

pc) rate of gas formation

dt SIS a S~~ lUlp =  lP .
dt Al 1 IK §l

The following relations are used in the case of the physical-

law of burning: y- f(l) or I - F.(Y), and also dy/dt - fp.

2) The gises formed during the burning of .powder contain a

large supply of heat energy; a portion of this energy is transformed

into work when the gun is fired, which work is utilized mainly to

impart kinetic energy to the projectile, the charge and the barrel

and partly to overcome parasitic resistances. A portion, of the heat

is absorbed by the wails of the gun barrel. A major part of the
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energy is not used' up, however, and is ejectVed front the bore In, the~ f orm'

of very hot gases after 'the. projectile leaves. the barre..

1nasmuch as, a shot. -is accompanied by t-ransformation of L-nergy.

the first law of theriuodynnfitics., i.e., the law of conserVation of

energy, gives the second, bas;ic relationship.

It Iswritten thus,:

Q -U + AUL,

where Q quantity-of 'heat supplied to the system f-rom the exterior,:

0 - internal energy of powder gases,;

-: total amount of exterior work done, by gases, inicluding the

2. work required to overcome parasitic res'istaucles;.

E-,mechanical equivalent, equal to 4270' kg * din/cal,.
A

This' fundamental relationship is transformed in pyrodyniamics

Into the so -called fundamental equation of pyrodynamics (see~below)..

3) The next fundamental relationship is the equation depicting

the translation of the projectile.

It can be written two ways:

a) the first form of the equat-ion of motion (Newton's law)

p s MLm

dt

b) the second form of the equation of motion

sp my-,v
dt

where s -cross-sectional area of the bore;
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J R na.;f roe?'.e.

v -tvloc ity 9f prcjbetile-;

path traversed by, projeptlle-.

Other 'theorews 'and, relationships of riechan-ics -will be introduced'

1, a t er in -the -text, in additiont to thpe three fundamedntal frelationships

spebit-ed, abo.4e,J

' ) nasmuch-las the, charge;-projectile-barrel system is brought

into kotion 4when4-a shot, is fired by, the action of the -internal -forces -

-i.e.i, by -the 'pressure -exerted by the. powder gases, the' following theorem-

,of 4echanics can be. applied to it, 'in the case of ~free recoil: "If

asstmLusbjce t he'cto:of internal 'forces., the displacement

-of i-tsseparate parts issuch thatL the sum of the quantities of

'notion. (the su* of moments) equal's zero:11

Imy + p~U, + MY - -0,

where X and, V - mass and velocity of the recoiling pants;

4 and'U mass and velocity of charge.

This gives the relation between the Velocity of the-projectile

and the velo-i-ty of the 'recoiling parts.

5) The equation of rotary motion of the projectile is ob'tained

from the theorem:. "The-moment of a couple equals the moment of iner tia

* multiplied by the angula acceleration":

rN -JP
dt
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where r - d-istance measured Irom the, axis of the projectlle to the
center of the driviing edge;

1N - turnijig: force.;

J- nioment of ifier-tia of projectile relative to the axis of
rot Ition;

fl- angular velocity';

, angular accelerak-tion.
dt

CHAPTER 2 :ENERGY tQUI.LIBRIUM WHEN A SHOT IS.,FIRED

When.a shot is fired a considerable por.tloq of the energy developed

by the powder ,gases is spent on performing work and is converted into

kinetic energy of motion of the projectile. Furthermore, a part of

the :energy is expended on the performance of other work of lesser

magnitude which-must be taken, intoconsideration, to obtain a full

analysis of the- equilibriuL of energy when, a shot is fi-red,.

Say, a portion y of, a charge W is burned at the instant t, at
which time a projectile whose weight is q has 'traversed a distanceZ

with a velocity v; the temperature of the burning powder- is TI . in-

asrnbch as the gases had-performed work at the ,given instant and had

cooledl off, we shall designate their mean temperature by T, .,vhere

T<T1 .

QWycal of heat are evolved during the burning ofAJy kg of

powder,' which quantity of heat is equivalent to work:Qw), where

- 4270 kg . dm/cal -'the mechanical heat equivalent.

If we designate the mean heat capacity at constant volume for

temperature Ti by cgl? Q - cWlT 1 and

E =cWT i y kg. din.
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This energy would .be fu~l-y 'trxsf.ormed iinto work, if the gas

Mt'qia turO were l:owered to absdlute zero.

Actuallyi this quantity ofgas, -having accomp-ished the work of

4ovig the projectile and a series of other secondary Items of work

at the. instant t, cqols down only to a ,certain temperature 'T< T1

,and .hence ontinues, to, retalin a supply of unexpended energy equal to

E CwTt4Bi k;~ dii

bwere cW is ,the-.ean. heat -capacity for temperature T.

'Hence the energy expended at the instant t on. the cperf oimance" of

-ex-t'nal work bibe, expressed by the difference

E, - Ci~(Y ~~'

Upon performing elementary transformation, we get-:

E+ I b + b  (A + b) T -f[AKTI - T).+

b T2 t2) TA+ + T)\ T
+ - (T .. T2)(T I - T) I Cw.(T 1 -T)w,

2--T
TbT + T 2

where c. - A + b-=;---- is the. true heat capacilty corresponding
Ti. 2

._--_to_ .the mean. temperature in the interval between TI and T.

When a Shot is fired, the gas temperature varies from'T1 'to

T~A corresponding to the instant the projectile passes the face of

the ,muzzle. The temperature interval is the one that is of practical

value to interior ballistics.
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Since 'the b coefficient Is sinal, the change of ] cW is sia l, J
Ti

and its average value can be considered to be constant'for the enti're

process of the projectile's motion along (le bore, i.e.,,

cw - A, + .b

T1  2

we shall designate it by C for short.

The graph in fig. 87 shows the variation of cW with temperature.

+bT1,

Q (A + b 2 )(TI T)

the .heat capacity cW and the quantity of heat Q relate to a unit of

gas by weight.

This graph shows that the heat quantity Q corresponding to ,a

specific temperature difference is greater at high temperatures

approaching Tj, than at low temperatures, becaus6 of the increased heat

capacity.

According to the first law of thermodynamics, the energy balance

when a shot is fired can be written as follows:

cW(T1 - T)wW- Y-'

where -- mechanical heat equivalent (427 kg-m/kcal)

1El- total amount of work done by the gases when a shot is
fired, including the work necessary to- overcome parasitic
resistances.
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GRAPHIC NOTREODCBE

-Gas, on Teprtue.

4 xpphd g. 87, th peroraei oep -the fo11*n Heat ~ o Cwpcitk:

l.) Energy Tl f or the-translati-on of the projectile, measured by

the magnitude. of 'the 'kinetic, energy mv2/2, is the basic form of energy

ePxpended during the mibvement of, h projectile through, the bore of

the gun.,

2) Energy E2 is expended' on the rotary motion of-the projectilei

3) Energy E3. i s expended to overcome the' frictional resistance

between the rotating bana, of the. projectile and the-walls of the bore

'bore+ rif ling grooves),, and also for overcoming the friction between.

the walls 4of 'the- projectile and the lands (of the rifling).

4), Energy N. is' expended, on the displacement of the-gases of

the charge Itself and of the unburned portion' of powder.

) EXnergy 'E 5 is'expended on the displacement of 'the recoiling

parts and is measured by their kinetic energy MV2/2.

6) Energy E6 is used to force the rotating band of the projectile

into the rifling, grooves.
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'7). Energy 7is eEpended for heating the wal:ts of th barrel,

shelTl, case and, shell when the -un 'is f1i-red - energy lost on Jh at

transfer.,

8) Energy E8 i's ronfined- in -the gases escaping, through the

clearances between, the rotating band-and the walls of the barrei.

9) Energy E9 : is expended on -overcoming- the air resistance and on

the displacemea't of the air c"o.lumn present, in -the bore ahead of the

projectire.

Of the above ain^ !or~m_ of expended, energy, the fArst five iust,

be accounted, for 'directly, E6 is accounted for directly or indirectly;-

E7 is ,a form of heat -energy which cannot be easily determined, and

is accounted for indirectly for lack of. a sufficiently satisfactory

theory andtest data to permit determining the heat lost to the wais

of the barrel. The quantity of gas escaping through the clearances

formed between the rotating band and ,the walls Of' the bore cannot be.

computed and has a random Value; therefore,. energy E8 corresponding to

it is not taken into consideration. This applies also to energy E9

which is small in comparison with the other energy-value3.

The secondary work items will be discussed later. CWe shall note

here (without offering proof) that E2 , E3, E4 , E 5 are proportional

to the main form of the work done by the powder gases, i.e., El = 
-y/2.

Hence, if each of' these four forms of work is represented in the

form.
=k MY2 P

F - 72
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-z? - v

- wh--ere ;' to f o- - -

'- heek-prportionait-y factors., 041etermitied by mearns of ,xrm]It
hi c.h 0:ll be p resented later, then *he total amiount of~

-,expended, energy. aqcounted for directly can be expressed,
'I- in theo f orm:

5 5 2 ,
,1 .F1 k1 '1 +I + -

The suof th coeficiens in tft*&, expressiont is -eoe yC'

-+ k2 + k3 + +k 5 .

The- coef ficient. takes into account the ,secondary work -Items, C

and its numerical value for conventioaa'l type weapons -variLes between

1.05,anid 1.20 depending ou the loading conditions, and may exceed these'

values.

Thus,. assuming that the, expended' values of eneii-ies E6 andE7

will be accoun ted f or indirectly, the equation of energy*,balance

during, a shot will, have- the 'following, formn:

~ciTl",Y1C-WTsuvm

this equation shows that the difference between two thermal

conditions of the powder gases has. become converted into a sum of

external work-items, %there all the secondary work itelms are taken

care, of 'by, the coef licient tf> 1. If this coefficient referred only

to the mass, , rather than to thi entire kinetic energy mv2/2, we

could assume that the work-'is performed by the gases for the purp ose

of imparting translation with the same velocity v 'to a heavier

projectile~ of msM
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Thus,, by inftroducing- the doefficientf, t-he actual motion of

-the project-lc ivith the ecqfidary work done by the gases taken Into

consid-: ration:, is replaced by, -a conditioni inivolving only the lrans-

lation i'ith the same ve-locit y, of' a heavwief projecti e -having a f'ictitious

mass m*.The energy-expended thereby remains the samte. Coefficient

-is called' the *f ictitiou§ mass coef ficient."

The invroduction- of thi's f ictitious, math itude, helps to simplif y

without the introduction -of an appreciable error calcul'ationg invol-ving

cmp lex forimulas.

'It woulid be more correct to call L the, "secondary, work coeffi'cient,"1

because: this value depicts the relationship- between the main and

secondary work i-tems (where the main. work is t-akeh to be equal, to

Un itY),

Deprivatio6 of the 'Fundamental ',,Equation, of Pyrodyhamics

The, energy balance, equation depicts, the relationship between the

burned portion of the charge +,, velocity of the projectile v,. and

the temperature of' the gases formed, at the given instant in the

initial ai-r, space. Neither the length of travel kof the, projectile,

nor the gas pressure, p enters this equation. Nevertheless. the

basic problem of pyrodynamics is that of finding the relation between

the distandee- traversed -by the projectile, its velocity v and pressure'

0*) The concept of a fictitious mfass was' introduced for the first time
by Prof. N.A - Zabudsky. I'DAVLESIYE POROKI{OVYKH GAZOV V 'KANALE 3-D.M
'PUSHKI-"1 (Pressure Developed by Powder in the Bore of a 3-inch Cannon),
1894.
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pexerted 'by, the gases oix the projectile and the walls of the bore.

Throeteeeg alnnce eqat'iofi m.ust be tUransformed in such a

manne&r -that it would depic~t the connec-tiort between the abovc-nPentioned

Vaklues p, v and V

We, Indic f ro the rmldyrlanics. -that

Ic' -C* AR R

whence

R'

RcCR6R R .
c - mvV

*hereR - gas constant;

c6w- Ik - --heat capacities ratio (adiabatic index).

We shall introduce for the sake of simplicity the denotation

k 1-0 then:

c, P C A 2 +bT -Al-bT A l

cwAl+ bT A, +bT

-- 0 is a gradually decreasing function of te mperature. When the

g s temperature varies from TIto T.the m~ean value 0' will
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Ti +- Thaxzd the correspo:~tng

correspond to the mean temperature TCp -t 2 22va Lue of cA 

A2 -

rAc +T A + BTcp
2

Then

c - RW
Substituting this expression in the energy balance equation, we

will get:

R R 2
-Tlwyj-- TWoI'e-2
0 e 2

In order to exclude from this equation the variable T, we shall

replace the expression RTww, using as the basis the equation depicting

the conditVion of the gas powders at the g'iven instant, corresponding

to the burned portion of the charge y:

pW- RTw r, (51)

where W is the free space in the initial air space (back of the

projectile) at the given instant:

W-- + s-(1 -qa) - W + sk;
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here - free space in the powder char bei at .the i£nstant 'the portion
'of the charge y' is burned in i-t;

S - cross-sectional area of the barrel;

sk - added volume when the projectile had ,traversed the distancete.

When. using equation (51), it should, be borne In mind that It

applies to specific quantities of gas in a stationary condition, where-

as we make the assumption that this ,equation is valid :also for the

conditions of a continuous gas formationi and contnuously changing

gas pressure and the space ocdupied by them. Bearing in mind that

RT1 -f

we ge t':

p(W., + sh~ .2
- - (52)

0'. 0' 2

This is the fundamental equation of pyrodynamics depicting the relation-

ship between i', p, v andX. Actually, it is 'the ,equation of

energy transformation by the equation of energy balance.

The left part of the equation depicts the change of' internal

energy(u %V kg of the powder gases when their temperature is lowered

from Tl° to To, if the assumed mean values of heat capacity are c;

and 0'. The right part of the equation represents the total external

work done by the powder gases at the given instant due to the change

of their therma:l condition.

All the terms of the equation are expressed .in units of work

(kg • dM). This equation iE called at times the "equivalence

equation." The value of 0' is usually transposed to the right side,

and the equation is solved for the second term:
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or, tepiticing Wy by s' ve :we "Ul have:

psC y+) -j 0 m2 (53)
2

This equation is also 'known as the Resal equation, first developed

by the author in 18641. Sereafter 'Ae shaI consider the value of Q

in the balance equation and in the fundamental equation as a value

corresponding to the mtan value of Tcp- , butwithout Its
2

i/

.priie index. The subject ,euati'on contains the following variables

characterizing the elements of.burning of powder and of the projectile's

motion: the burned ;portion of the charge Y, the gas pressure p, the

length of projectile's travel 1, and its Velocity v.

The length 2  of the free space in, the cha.:ber at a given instant

is a function of'Y. Actually, y is t'he independent variablb, because

the pressure iniparting motion to the charge-projectile-barrel system

is obtained only as a result of the burning of the powder and of

gas formation. Nevertheless, all the variables are interconnected and

affect one another. In order to establish the relati6n between four

variables, additional equations must be had.

These additional equations are represented in one form or another

by the aforementioned relations for the burning law and by the equations

of motion, of the first and second forms.

If pressure p is determined from equation-'(52), we will have:
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'In. pyr ostatics we had the following expression for dkepicting

pressure a t 'a given 'instant:.

P

Inasmuch as- in the -numerator of the first formula a value; is

substracted1 froma fwui proportional to the work ',and 'in the
2,

denominator the volume of the bore corresponding to the distancelt

traversed by the proj~ctile is adde-&to the free space of the chamber,

it becomes-entirely clear that at the 11same loading conditions" the

preisure in the berrel, while the. projectile is in motion. and while

the work is performed by the gaises, will be smaller than when the

powder is burned at constant volume.

CHAPTER 3-INVESTIGATION OF THE FUNDAMENTAL RELATIONS

1. THE BASIC ENERGY CHARACTERISTICS

The enex!g~y equilibr-ium equat~ion is valid with regard to both the

I. first and-the second period when the charge is already fully burned,

I:only the two variables T and v enter into the equation.

fo RTW f2

0 8 2

I asmuch as f -RTJP
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W-V fW 
(54).

Lj j

The left side -of the equation, represents the total exteribr work

done by the powder gases when a shot is fired; it increases, with the

decrease of temperature T and would have attained a maximum value,,

were it possible to cool the powder gases at firing to T - O -

-condition impossible in actual practice because it would correspond to,

i an effikciency equal! to un'ty.

Nevertheless, if we assume in equation (54)* T - 0, we will get

T UV2p

2 (55)

i.e., the maximum amount of work performed by cokg of powder gases if

all the energy confined in thein were utilized, i.e., if the gases were

cooled to absolute ,zero.

may be called the "full supply of energy" confined in Wkg
e

of powder, and the velocity of the projectile v ( vl im l t)

corresponding to the full utilization of energy - the limiting or

maximum projectile velocity.

The full supply of energy of one kg of powder gas will be

expressed by the formula

- f.
8

This value is called at times the powder "potential." Although
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-.-~the above limktihg e-xpresAIpn 'for U has a theoret-ical meahing onl~y,

.,because in poractic-e the )gases tafinot be -coo-led to absolute tero when

a shot. is .fi*red, nevertheless it shows that the working cipaci'ty of

- powder gas;es caii -he increased cither by increasing the force '(energy),

I -T, or by decreasing -the v a-tue o51 0 1 i ,
-273,

-The energy of the powder- -can be increased' by inicreasing the-

ppecific volume of the powder gases -W1 (Oiider -norm~al -conditions), or

by,.elevating the burning temperature -of the powder T1-.

6A4 wig shown akbov e, 0depends. on the comuposition and,-temperature

-of the gases: i-t. decreases in valute w*ith increase of temperature and-

inc~reases when the latter is decreased.

Hence apowder with-, a :higher burning temperature will possess.

a greater supply of work not only because of energy f, but also -be~ause

-of -the, -skaller value of 0;

Inastauch as the gas temperature drops from T1 to when a

shot is fired. (which corresponds to the- projectileis passing through

-the muzzle face), the value of -O changes. However, thi's change is

quite small- and is usually considered to be a-6onstant equal to the meanFvalue of the given temperature interval. The value of 0 can be found

from the- following -formula:

*Cp dw Al 4 .A2

Cw A2 + B-%T -A +BTr

where

Am. A2  and B' - 1.-
A A2 -A 2
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The -iverage vah:e of 0 can be found by means .of the following

'formula:

- ____ T dT A1 - A2 T dT

(T- Tl)" i A + BT T - 1  Ti A2.+ BIT
I

A2 + BlT1
2.303(A 1 - A) log A2 + Bl.

B1(1 - T)

/
The variati6n of 0 for pyroxylin powder with temperature is

given in table 20 t-17_7.

IITable 20

Tl 1 0.90, 0.80 0.70' 0.60 0,.50 0.10-

,T°K 2700 2430 2160 1890 1620 1350 270

0.185 0.190 0.196 0.202 0.208 0.215 0.252

TA
Inasmuch as - is usually 0.70, 0 approaches fhe value of 0.2.T1

In most riethods -used for solving the fundamental problem of

pyrodynamics the value of 6 is considered to be equal to.0.2. Theo-

retically it %,ould have been correct to use different values oI 0

for the first and second periods: a smaller value for the first

period while the gases have undergone little cooling, and a higher

value for the second period at which time the gases had undergone a

greater amount of cooling.

It should be noted that the values of .the coefficients Al, B,

"~ A2 vary considerably with different authors, and this discrepancy
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may, af fect the value of Ti as iv6I1 as the value of 0. i'urthe'rrdore,

-the heat ca;prtcky va-lues are expressed by more complex relA tionship4,

than at Ilinear onez.

According to the latest data, Ihesa relatinshps deviate from

-a, linear one in the low temiperature- r-ange,; in the range of'-3000P to

*i500-2O00_ the relationship CW,t approaches .a linear' one event according

to these dA'tW,(4).

Solving, equation (55) with respect to,~ we shall find, an.

expression for the- so-called, "maximum or lirikting projectile velocity"':

2' f 4 2f 'V(56)

As was mentioned above, the maximuri velocily of the 4Piojq~tile

corresoonds to the f ull ut iiza.tion of' the energy and an-ef ficiency.

equal, to unity,. Although thisi value cannot be attained- in, practice, it

enters as 'a factor 'ihto the formulas for the pro~jectile velocity .v

of b~oth the f irst. and'it'he second periods,, and- the true, projectile

ve-locity uisuAlly increases with increase, of vrp An analysis of

formula (56)-will show that.the increase of v 'depends'on the supply

of powder energy f/6 and on th-relative weight of the charge w/A

.1with. respect to the weight -of- the pirojectile q! ikt decreases with

Ithe increase of".j Although the concept of maximum velocity can

.be obtained by assuming that T -0 in the energy equilibrium equation,

4 'i (*)A.M., Litvin, 1TEKHNICHESKAYA TERqMODINAXIKA:" (Technical Thermo-4 dynaumics) , 1947.
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nevertheless, in order to app-ly the value of V to actual practiceo

the value of 0 mus:t be taken as an average value in the temperature

range of TV, .... TA rather than in the TI, ..... '0 range, because

in computing the true pxrojec-tile velocity which is proportional to

Vnp, the' gas teipeiature in the f.ijrst and Second periods does not

.drop 'below.T . Thus the concept of Paximuin veblocity is a conditional

one, and it -would be moie, appropriate to call it the "practical value

of the maximum (ot limiting) velocity.,'

Later on,, when attempting, to determin.e 'the dependence of cfon

w/q, it will be shown that the maximum velocity Vp tends towards a

definite value, rather than towards intfinity., even when the ratio of

w/q is increased Indefinitely.

The term "efficiency" signifies the ratio of the useful ;work

done by the 'powder gases to, the full supply .of energy stored in a'

given powder charge.

The useful work performed by Jkg of gas is measured by, the

kinetic energy acquired by the projectile at the instant its base

passes the muzzle face V , where vA is the muzzle velocity of

the projectile).

Denoting the 6fficiency byrA we get:

"
2 

2

2 61MV2

r -
r f 2fW

In the case of odinary weapons the value of r varies between

0.20 and 0.33.
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* - Cettain: aut-hors incorp.orate, into 'the efficiency expression the

coe ficieut of the f-lctitioug mass which takes into account the

.&uxiiiary work iteMti Thus

rip

Comoaring it, Alth formula (5,4), we will see that

'Ti T,
T'1

But is.."the .coefficient of the Carnot cycle perfomed by an

ideal gi"(*), :and would have represented the actual efficiency of

-the cycle in the absence of auxillary or secondary work done by the

4 gases and in the absence of parasitic resistances which the gases

must overcome. Therefore, in order to correctly depict the efficiency

of the powder in a weapon, f should not be included in the efficiency

expression.

The ,rivalue is of great iinpbrtance In the theory of ballistics A

developed in the USSR, because it takes into account the totality

of the work done by the powder gases in the weapon.

In some tex'tbooks the full amount of work is-expressed by,

O.D. Khvolson, "KURS FIZIK:" (A Course in Physics)', Vol. II,I p. 451, 1919.
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the ;nt Itude IIT , EQ. But FQ . f/0 because O is the quanlity of

heat de'termined Iperiientall; in a calorimetric bomb ;hen the gas of

the b mied powder is cooled -from 'the burn-ing tenperature down to

00
t Is 1°C Cor 28010) The magnitudef is the work the gases would be

capable "1 doing if -cooled from the burning temperature of the powder

T1 to 00 rather than to 2880 K.

fHence the relation bet 'een,EQ :and wil-I be expressed by °the~

, formula:

EQ -(1

i.e., EQ is about 10% smaller than -- b-cause T 2700-28000K.

This .cohdi'tion must be taken into account when determining the

eftficiency. If the value of the latter is given, it is of importance

to, know whether same is taken with respect to (in which case
° 0

it will be smalier) or with respect to EQ (in which case the efficiency

will be gr'eater).

"The coefficient expressing the util-ization of a unit of charge

Nkoby weight" is expressed by the muzzle energy of the projectile
.v2

a. per unit weight of charge a):
.2

In kg •dm/kg,.
2(o

This value for specific gun systems approaches a constant, and

dependsimainly on the relative length of the gun, the powder thickness

and thepoint at which it is 'burned (burning location).Ior short-barreled, medium-caliber guns,, )W- 1,200,000-1,400,000

kg • dm/kg or 120-140 ton rm/kg; for small arms, 0 - 100-110 ton • m/kg.
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'For f'ully chatged howitze rs 1 50-160 ton- r/kg,; Viecressed

Wi-th the decrease of the charge. As the muzzle velocity of high-

,power artillery units is increased., the relative *eight of the charge

44/q, mUst increase also ahd with it the relative work4ecessary for

displ2cing the charge itself (gases. and' powder);, as 4 result, the

relatiye useful work done in such. guns becomes decreased and the

value -of NI drops to 90., ton • m/kg: and lower.

The value of can be used for the appioximate domputation of the

weight of charge 0 necessary for imparting a given muzzle velocit?

yA to a projecti1e of a given weight (mass) q,

2

.Wand r. are linked by the simple relation:

f
- --8

In certain applications of intefior billistics of great importauie

is the ratio between the me'ir pressure Pcp at a given point of the

projectile's travel and-the maximum pressure pm in the bore of the

barrel (PC P

The average pressure during the period of time it takes the

projectile to move from 0 to -t s'"Ais

pcp,
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GRAPHIC NOT REPRODUCIBLE

I .
-I,

Fig. 88

'Left: mean pressure when shot is fired.
Right: mean pressure as the characteristic
of progressive burning of po-xder.

The mean pressure at a given point of the projectilet's travel is

that pressure which develops the same amount of work as a variable

pressure, starting from p0, passing through the maximum point and

then decreasing in value.

Since the work done by the gases is depicted by the area s pde,

we can find Pcp frota the condition U

sPcpt - s pd.

0

In other words Pep is tne height of a rectangle whose area, when

the .base is X&, equals the area bounded by the ,pressure curve.

This is clarified by fig. 88,al it also shows that as the length

of bore travel Z is increased, PCp decreases and has a minimum value

when the projectile traverses the distanc i.e., at the instant

the projectile leaves the gun barrel.
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Ifafter passin (tn p fig. sstb) oAQ pre~ssuro curve I

Proceeds above the othez curve 2, this condition indicates that the .I

Pc p
444n presute azud the iratio - or the first curve are lkikewise

-ratrthan for the second curve-.

An-d inasmnuch as cu'rve 1 points -at m~ore progressive burning, than

,;drV* 2, the coefficle ht')La Iso serves to depict the progressivityj

of burning: the greater the value of),, -the more progressive is, the

burning, of the, powder in-the bore of the barrel.

Inamuc asthechaactrisic of the prog-ressivity of burning

mustt be known under-certain conditions of firing,. and' only p. and v

can be determined by, test when s, q and w are known,, whereas the

change of, pressure p with reference to Iis often unknown, c and

then Nxare com~puted on the basis of the following considerations.

It In known that the work done by gases along the path '1A equals

2

on tier -other hand, pdLrSPPl'..

therefore,

4, 2'

whence
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POP 2 A

an

2 2

-,2slp~ 
2 '9.pm

Inasmuch as the denominator in the expression-for includes

the swept volume of the bore, W1jL is often called the "Ut£iization

coefficlent of the swept Volume of the bore."

Thus, in order to determine )jLwhen a gun is fired, it is

sufflcient to know,: the muzzle velocity of the projectile lVj. the

maximum gas pressure pm, the weight of the projectile,, the cross-

sectional area of the bore s, and -the full length of travel of the

projectile L.through the bore of the. gun.

For cannons, the vaiue of Av-&ries within the limits of 0.40 and

0.65.

The vratio can also be interpreted in a different manner. If

we divide each term,.of the equation by sfapm,

s 0 pdC 0 pdt

where the right part .represents the ratio of the area bounded by the

true ,pressure.curve and' the x-axis along the path lto the area of a

rectangle of height pm and base LA. This ratio wi-ll thus show the-
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porti, o the a..ctual'Iwork don e by the gases comzpared with the work

dowe' unde r idea. conditions if the pressure along the entire path2

were equ4a -to, the Ma4xinu i-ssre 0 (fig. 89).. for this reason

:~i~~fte~ aledth "oetfjcient of area closure 4rhe indicator p,

The towoing characteristic -,an be introduced -into the charaLc-

teriutit-depic ting the- utilizat ion of the entire-'barr4el space-,

-icuding the-,poide'r chamber space,:

2, 2'v

2 s( 10 +k,)p 5 , 2WI pt

which may be called the- "coefficient of ballistic utilization of the

-entire bore pace .

It can, be easily seen that

A~~

WKH_

*(Fig. 89§ Utilization of the Fig. 90 -Utilization of the.
Swept Volumae of the Bore. Entire Bore Space.
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-G raphically R. determines the ratio between the area bounded- by

the +true pressure curve and the area of a rectang!+e of heikht p. and

'base 16 +L or W 4, W( ig. 90).

2. THE DEPENDENCE OF -PRESSURE .CIANGE OF POWDER
GASES IN THE GUN BAMREL ON TIE CONDITIONS Of

LOADING

Using the pressure f'ormula froni the fundmpentoal equation of

pyrodynamics .(53)

9 24) vpmkI mt, 2
" S+  2" S

let us tnvestigate the change of pressure with relation totime and;

the path traversed by the projectile. To do so we shall find the

derivatives

dp and, dp, dpdt 1d

d d1 a td V dt"

Differentiating p wi.th respect to t, we get

dp V dv p dL , -

Bearing in mind that

d 1 + - uP - dp" rp;
cit Al S1I K

(fm dv
s dt
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di

I n_ _ _ A -a-Y -e2- ro

~dt' dt dt

1 K 61

'and subs tituting them in- the dp/Ot f ormiula, *e- get

ge p ~- v '4a-d
t (Z+) S K P),57

.. L Vc I~ Yv1l +0,

This formula shows that the-nature of pressure increase aks a

function of, time depends on .a largeL number Of factors of varying

Inf'luence..

At the start of motion when the rotating -band is forced into

the rifling grooves p p0.,P '- 01 and formula, (57)

taken on the f ork:

0 - p fw ItO + LO P ' ' ,-*'o7jT P+ - 1  'P u~u 6 + Ti
t S.1 el 1)'0 s) (O58)8 fI
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Therefore the ritte, of pi-ettre- increase, at 1thc start of, motion-

Is prop1ortional to tile Wedging pressurc'p 0 , -thle powder energy, f, the

Wei'gM Of t10- cha.rge 11KI Ch xpO: rd- area of 'the powder 1 _ p
A,, e-l

Irate o~f powder burning at p - 1, I-e.o, U1 , And iniverselY proportional-
to the, free $pace of 'the powder chamber st at the instant wfefging.

occurs. Inasmnuch as the exposed. area of the powder 'Is inversely,

'proportion-al to -the thickpesZJ c! -the powder,, it likewise inversely

proportional to the powder thickness el.. The first term In parentheses,

in, formula (57) also depends on. thiese magnitudes, which term expresses

the intensity of energy developed by the powder gases,.

*If we replace 1 uid 'by -u~- - J-0 we wi-1l obtaimi the addi"tional
el,

condition where *() is proportoa to rofor M'-~iand' since

'we 'bad seen- in our analy.4is of the -physical aw of burning tat the

outer layers of pyroxylin powders havelta Accelerated rate of

burning ( rdevelops bal'loouzn g) , the pressure increase in- -this case

will also-'be more intense 'thah in, the case of uniform burning 'il

assumed in the theoretical law.

Hence,, all other conditions 'being equal,. the pressure curve R, t

in the case of 'the physical law of burning must proceed in the diagram,

above the ~correspond-ing p, t curve representing the theoretical law.

Formula (..57) gives the tangent of the angle of' inclination of

the pressure curve as a function of time. At. the 'start of motion the

tangent of the Angle his a specific limiting value depending on

certain loading conditions (fig. 91&); 'It becomes zero only when

P0 0. In this case the pressure curve as a function of, time is

tangent -to the x-axis, (fig. 91;0). This condition is, not encountered

in actual practice.

F-TS-7327-RE 307

4.1

----------------------------------------------------------------------------------- "''-&"



4&h R4&ture of pressure increase as a function of p-h 2

,egpressed:- 6y the 1 10 ol~oiI'd frmu Ia2:

dp,, '1
d 7>dt. I ,

'GRPHC 10TREjPRODUCIBL

Fig. 901:

Let ,t curve vt p0 >0; right: p, t curve

at p '0O

At the- ilta;rt of mnotion p P- .-0, v 0 , 4-d, Y..-

and inasimuch <as the f irst term in parenthesis is reduced to infinity,

7p 0

stat o ind .-o --(Ik-9

'7g 9 -hrfoe pth , ordina e-s h.pitangent to.tep uv a h

tthe pf mZio curive 92)e.trto' ~~i
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In order to -obtatin -maximui pressu-re ,- Or. must be rtduced to

zero. lience the condition ot wh-ch pm is, obtal-ned has, the forA:-

s IK vgn l + e) -'0,,
+ 0(1+ 0)

EA f

where. the m index indicates that the given magnitude corresponds to pt

or

rw + .( + 0) via

Where

bC?

-If the requirements are such that the pressure must remain

constant for a certain period of time after attaining a maximum value,

a condition is obtained which, must be satisfied by a change in surface

area, 6 or, by a- change in the burning rate ul :

f"~"'~ (f' G _- + GIvs.

This conditio" c-an-e formulated.as follows.,

In order to maintain the maximum pressure constant for a- certain

portion of the projectile's path in thebore, it is necessary that the.

surface area d of the powder or the burning rate ul change in

proportion to the projectile velocity v, or that the energy imparted
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byte',powler gxies a-t p 1fP), be pr-oporvionll to- the r,,te of

A h<ig a- the -'bi~h n nore, whn the, projectile is, n* mtoton

-dt d

The resuredecireaties after passinig point pthe expeioni

psren ressurczes negatiein
,.'xrn e' " P<-

FoP r the end- of burhing at W-- 1., we get

K +

Ujpon entering the second period the. pressure eqpation tikes on,

"th fOrm,

Dif'ferentlating, we get:

dpp +~ dp _

dt ~ +L dt+ '

for tbe start of the second period

--1+)vKPK ____

Comparing this expression with (*,we note that at the 14stant -

of transition from~ the first period to the second, the derivati~ves

dp/dt and dp/dL undergo a drastic chiknge (a jump) , the preissure curve
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-suffers a, brekp and the absolute vVlue of the un Il" of incll-natioM.:

increases because O1 the disappearance of the first term in braces

In, -expdesson (, ').

Thereafter the angle of inclination of the p, t and p, . curves

'becbomes saler., "because p decreases and t +1s increases.; at the

instant of the projectile's departure from the bore:

dp - -(1 .
k +~

3. T E EFFECT' OF DIMENSIONS AND -SHAPE-OF POWDER

ON THE GAS PRESSURE AND PROJECTILE VELOCITY CURVES

An aalysis of formulas (57) and (59) illi show that the pressure

increase with respect to time and as a function of the path traversed

'by the projectile in- the bore %ainly depends on the term in brackets

fwP - lwtulz which, for a given powder energy fI, depends on the

product ar being -the intensity of gas,, forimation at p - I.

Py changing the shape and dimensions of the powder, the magnitude
- S,
- -6, which we shall denote by Yi, can be varied at will within

.wi de -1-ivl-ts.

The dependence of the change of it and 6 on the change ,of -the

powder grain shape is known froxi pyrostatics. The ,change of the

pressure curve p, and of the projectile velocity curve v., & with

respect 'to the following can be illustrated by =eans of' an example,:
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l), c9hngge of pNjwder stiape aL the same powder thickness aud the sae "

"o++: "charge IA,• zrnd-+

2) chaqgv of powder thickness at the s;ure powder shaPe (.- const,

cCrding - the sa me 14w) and at Cons t
ffect o the gi-n, shape hec the -thickness remains the

-ame.--,"We " shal ass uwe for t-he sake of siniplicity that el 1,

i.-.whIch case r-.6. At the start of burning at z -0,, - and

X:t The change of 7- corresponds to, the change of 5. At the end

-6 burninig at z i-

-k-•(l 2-% 31.).

By taking gefierai formulas for five "regressIve powder shapes

'and using numerical data, we obtain table 21.

Table 21
Shape of F6 -, ? 6  £0, -d

'Powder _ _K

1 Tube' 1 + f 1 -'0 1.003 0.994. 0.997

- + (1 a (1 1,06 0.89 0.943

2
Plate, + 2 (l - ( -) 2  1.20 0.675 0.810

4 Slab. 2 + 0 0 40.0 0 0

5 cube 3 '0 0 3 0 10

Upon plotting a graph of the change of' F with respect to z,

We will obtain the diagram shown in fig. 93.
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_hape -When wo and el -a.-consto

i ) tube!; ' -) strip,* 3) -square plate; 4), rod; 5)
cube.

The Z idiagram, Shows hov the rate of kas formation changes when

' we cut up the same strip into square, plates, then into strips and

, f-inall~y into -cubes (see f,£g,° 23),.,

The cailcul~ted • action of .these differently-shaped powders (2, 4t

-5) of 'the same thickness in the bore of a gun using the same charge WO

by veight gives a diagram showing ,the .changes of gas ,pressure as a

fun~tonof the path. traversed by ,the projectile in the ,bore (io

94),.

These cur-es show tha~t the strip generates a, nor-mal pressure

Pm 01% 2380 kg/cm2 and a, mUZZl~e vel'ocity v, - 590 w/sec, whereby the

adiabat-ic curve, of the second period attains the greatest height and

the muzzle pressure is maximzum.

.Rod-4, whose exposed area is almost twice as great at the same

,powder thickness, generates almost double the pressure - pm - 4600

kg/cm 2 Rnd a considerably higher velocity v., - 656 m/S'eC because of

the large area of the p,,t curve depicting the work done by the

gases. The adiabatic curve of the second period drops sharply at
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t i-he end of burning and in descending interseCts the curve of the

first period of strip powder and lies below the adiabatic curve of

tie, a trip powder.

The point of maximum pressure moves towards the point of the I; ,

astart of motion, es does the point representing "the end of burning.
-- 61 S¢

. 0.34 for the strip, 0.18 for the rod, 0.128 fQr the

cube. Inasmuch as the exposed area of the cube is three ti mes as

great, the cube generates a pressure of pm 6200 kg/cm2 and a velocity

VA -681 m/see because o'f its still greater area Spde than that of

-the rod (slab),. The adiabatic curve of the second period, lies still.

-- , iower and gives the lowest muzzle pressure. -

Thus, using the same powder thickness el , and the same charge by

teight, we find that of the three powder shapes compared above ths

4 lowest pressure and the smallest velocity are produced by strip powder.

The rod (slab) increases the pressure by almost 100%, whereas the

velocity A increases only by 11%; the cube increases p almost 2.6

times and the velocity by 15.5%. In this case the-regressive shape

produpes the maximum v , but at a pressure which is almost three

I- times the normally allowable pressure. Hence, if the requirement,

as is the case in actual practice, calls for the same pressure pm with

powders of different shapes, the area of the 5pdL curves obtained,

with,.powders of greater regressivity" will be smaller than the area

obtained, with- strip powder, and the velocity Ywil! be smaller. This

i represe,its the" ivantage of strip powder Pa the more regrezsive type.

For purposes of comparison, p', 2 and v, Y curves are presented

in the diagrams for the case (o), in which the powder is fully burned

i
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in, the- ch~ber before 'the projtectile starts moving. This is the -Cas eA

of "instnanneus- powdex -burniiig" in which th(- dime~nsions of tile

powder are infinitely sv1#l'A. Thls would obtaiii in praotice *h-en

using dry powderrlIke pyro~yliv..IIn- such a, case the pressure -curve starts from- the maxithum point,

Iwhich pressure (11,700 kg/cm2) As calculated aceording-to t~he Soble,

formula. 'Thereafter the p, curve is entire-l.y adiabatic: i 4 charActer,

and- the curves, corresponding -to various powder 'shaoes arrange them-

selves in a proper manner (according to the estaRblished law-)- Sith

respect to- same. The obtained velocity ws found, to be equat1 to-

690 rn/sec - i,.e., 'the greatest, bupt the pressure p, was almost
-'Io

5 times as grdat. as -p. when strippowder was used (p m2 380 kg,'cm2 *)

F-S727Ra1
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ITai e22 -malnitude 340' K•

0, Irk

i~ .4-14 T063

-2.0- G i' 24
The zj diagiramin fg 9 shows h tinner powder. gl

a-kgreater quantity of gas in a unit of time 'than thicker powder. The

gas supply during burning can be regulat'ed-by changing the thickness

of the powder.
Fig. 95 TeDeedne f,.1, b Te fetofPwe

;','

the Inest of z) dgam nfi.9 h ickes ol hnne po 'ures genea s
Fomto on th~we, Gun.

Th crater uatted o gs nati of tin r e d bya thc esoer he

pods ipl aung uringthsaerg can b gaeb seenging the tigramss

fig 96thhwstatti powder 1gnrtsap wihi 8 rae

-"'. . .. .

Sthe noalpesure) whreas thckr ike 3ne rate on pCrvessure

'T V

Formation on the .Powder a Gun.i Thickness.

~~~The calculated results of the action ..... oduced o by these same
?i powders in a gun using the same charge can be seen in the diagram of!

ii° ,,, fig. 96; it shows that thin powder 1 generates a p~ which is 68% greater

than normal pressure, whereas thicker .powder 3 generates a pressure
i ' Pmwhich is 31%~ lower than normal pressure 2.

It "The muzzle velocities VA are 632, 575 and 488 rn/sec, respectively,

where in the last case the thick powder does not succeed in getting
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tully-brtn0-1rs-ie the gun barrel_, and hence the energy of a portioni

-of V Charge is not utilied a al.

The - wo examples eited above-show the ituportaniive of the Shape

anddiutcnksiop,* of coowdor -when, firing, a gun, ind how the inflow of

gass in be regulaled'-and the desired rate of pOressure change can-

be'obaiedbyvarying -the thlek~ess of th, powder in- comb inat ion- with

.. s- Sape.. 0

I'the-requirement is such thr':t p3 iust -not exceed -a given. value,

thq,,xost_,regrOessi~re powder will 'be viost suitable ,for the purpose,,

namely,, tubular-,powders, of the %arious, shapes cons~dered, here , which,

approach -the 'closeit a powder' with a 'constant, burning area., It is

;poi~sible however to obtain a, progressive powder shape, whose surface

.area increases with burning, and thus improve the efficiency of the&

weapon.

'CHAPTER 4 FORCES ,DEVELOOED .IN A GUN WHILE THE
4 PROJECILE, IS YOV1ING ACROSS 'THE RIFLING

1. Tn RIFLED BO RE. BASIC DESIGN-.DATA.

The bore of ag94 barrel is -rifled for the purpose of imparting

a spinning cmotion to- the projedtile. The angle a formed 'by the grooves

with the generatrix mday, be constant, (rifling with a uniform twist) or

vatiable, with 'the-angl~e of twist increasing towards the muzzle (rifling

with an increasing twist). The stability of the projectile's flight

* at a given velocity depends. on 'the angle of twist d. The projectile's

sBpinning motion -is imparted by the pressure of tire driving edges of

the lands, which, in the case of' & right-han~ded thread (clockwise

Irotation),,is provided by the right-hand edge of the lands (fig. 97, a

and-b). These edges, upon encountering the rotating band of thie
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pro-iecti.le, develop a rNsi.'ai'ce , wh:ich force is a;pli.e.J t-.' _the

center of ,the protrudiug 'band and1 fore-s the projectile to rotate

o A* o -kwse. A saini1la -but a directiy counter:ctning furc ' N' :is

imparted by. the pruoectilo on the driving edge of the Wirtad. Due

to the veastlc properties of 'the wa-ts -of thie bore and the rota-tin.t

bazd,, radial !orces . and fric ional forces V origanate on the-

contacting surfaces (-see fig. 98).

.Fig-. 97 -Ri£ing in a-Gdun Barrel1

1') barrel;, 2) project£1ei

Fig. 98 -ForesActi.ng in the Rifling Grooves.

In addi-tiont to the twist angle a, the grooves ame,characterized

by the land width a, the width b at the bottom of the groove,

depth of grooves -tt and length (height) of driving band b0 . The force

KH
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W, Is, diqtributed over the are b -t t'o I-blitamc sa 0

Cos_ a -0_.9 1l t he a r ei b t is used for com~puting the stress in

the groove arnd, the -tota~ng; band. In &artillery pieces -the Value of

t1AsusualIly takceig as, t _ (oOl-0.,02)d,p where d is 'the caulber of-

hite 'bore- or the diameter b eAween the lands~ib 6  0.15d.

Ydi sm;(1-ca Jiber vleapons tH (O.Q,2--O'04)-d.

-When, the prq~ectile -Joves thiough the boie, 'the gas s, exert a

-pressure boh the. base of the ptojecd.iie as vel-11 as. the ridges of -the

rotating band f'ormed when the latter is forced Into the grooves,.

'theref ore the cross-secet ional area s, of the bore is greater It'an,

'Fd /4, and it! cal1culated approximately by the iornula s '(0.$80--O.83)d 2

or -by aeaus of t he, more- exact formura

ds +~ d(a b4a + 6 a + 'b 4+

T a b j'

The latter isobtained,'i we subdivide the whole area inito .pairs of

sectors of, diameters d and d' resting respectively upon arcs a and b.

(if the two sectors subtended by- the given angle, the sector resting

oqn the land. 6f the rifling occupies the portion and the one

resting on the bottom of the thread occupies the portion ab

p ~If we' equate this area 's to the area of an equidimensionsl circle,

the -di'ameter of the latter d wilzl represent the tri~e caliber of the

bor..it uway be assumed that the force hS spinning tbe projectile about
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its axis has a lever-arm d For artil ]ery pieces d' 1.02; d lOld;

/ad bd'2

The required- nuz:be-r of grooves n is usualLy determined from, the

formu-la

n -33.5):dm or n m 2dc + 8

rounded 6ff to amultiple of four (a r- 4 for small arms)-, in order to,

be able to cut the bore siinultaneously with four cutters.

In addi,tion to the angle of- inclination a,, the rifling -is also

characterized by the lead of the thread h, *.e., by the length of, the

generating line equivalent to a full turn of the thread (fig. 99),:

h - Trd. cotan a.,

*1 h

The- ratio, is called the rifling twist ,or the lead of the rifling

fin ,calibers:

h 7r

d 'tana'

h/d is usually given in round numbers (20, 25, 30...60) and the

angle ,of inclination a is determined from them:

a = arct n w.
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0, ~Tab Ie -23_____

_________P ___ 40 35 25 201

35 a~st~ 4 O3 0, 57 15" 50,58,7" 4" 05

kt ii 69 quatiow. Wh-en the cy'linder 'of the bore tbail

Increasing Irifig 116 st is -developed, on a plane, thL% rif ling, Appeairs

asa p rabola (f-ig. 100),, whose origin and ang-1 e of th-lination a 0

Ii.below 'the actualI threacl on the extension of -the thread, curve.

The, equatlki for this -parabola j

dy 2x dtana 2. s,

tan a -- ~ - ~ con
kx dx k

* ie., the change of 'the angle of 'inclination versus.tedsac

renains, constant.

(*~ -7

Fi.0 Unfr witFg 00 IcesigTiVtRfln

ein .o 9 th Urife ortiot oig 100 bor ar ncr..tesinstaist Riflng

be detetrmired. Indeed:
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t~an ,- c . tan 2  2(c + L11p) .(O)-

I
w.hence

a tn a 2  a nta a1  -

and hence

d tan d tan - tan

L- const,.

The last expression enters into the formula expressing the

pressure exerted on the driving edge.

Bearing in mind that x - c +In . where~A is the path. traversed- by

the rotating band in the bore, and finding from (60) that

k tan a1
c-- tan a L

2 , (tan a 2 -tan a)

2'

we will obtain the relation tan a -7- x from the patbf in the form

2(c +" )-_

tan a ~ ~ +tan a +(a tan d(2
tan 1- 2 taRa 1 (2

-a'varies from zero toI 0 - A- a, where a is the distance between
the base of the projectile and the forward edge of the rotating band,.

We are presenting below the characteristic of several guns with

relation to the weight of the recoil-ing parts Q01 the weigh't of the

F-TS-7327-RE -323

"I _ __



-proJec,,tile qtewight of the~ -hargo W n-nd the type of riflfing

Ase d(* '(Tabie 24) .

2 MitF R F tI sTANx C EL.'COWN4IrSRD BY' TiM ROTATIN B~,D- WTHEN FOaiC.)
WM~ TU1 RIFLING GROOVE*; PRLSS1RE TO OVER.COME THL1 INERWTIA

'OF tH9 PROJICTlLX.

When the projet-ile is, properly seated, the forclng cone of -,he,

ba-nd must bear against th e cltamber cone and partly enter the tUapered

end, of, the rifling (fig, 10); this prevents the escape of -the gases

lroui the chazuber.. As the gas pressur'e increases, the band takes

gh- rooves, and fully, enters -the Tatter when the rear edge of the band

a)appxoaches the end of -the groove taper (poinat b) The totiting

'bxnd4 is tance is maxinizm -at this point,. The force 11 adting
0

oik the criss-sectiona1 area of the bore s, ike.,

Pnecless ary t dr~lve the b and for its f ul-1 length, is called the "pressure

to overcome the inertia of the projectile."1

Fig. 10 1 -Rotating Band Entefing the Rifling Grooves

1connecting taper; 2) rotating band; 3) 'rifling.

()For rifling with an increasing twist, ~-is given for the angle

of., inclination, at the rauzzle face of the bore .
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c 4a riigthegrore nto th -l engh rooes.erban

I of-s lttrh~.dfr-ii n h projectile.or14ue

to- ov! ui-*-h V.Ie roves fq1 r th Irottthe bnde1 is-ollowlnd

or~~ig 102al~ prs. Chang etod Rssne by t.FRotaeneg a h

former Obukho 'BPan n 1.5' afi'd bnoyth A.G.aturn t h free Pio

Th kesiaabt in19 ofer this wlso, atic gr old ochinoeat-th

rsualiny prodces thig proeit mces thrug the o iba idten

by orciung, the proesece of theg the bore 4 an o a~ for es. an

or e k dag ress 'nTfis m02thows the hang inF prer pt the/

whfori g tbuhe bland int 1898 o~e a ndd 'b .. Moving-a the frertil houg

a 76-mm~gun 1902 issue. 'this diagram was obtained In tests conducted

4by (KOSARTOP) in 1925. It shows that the pressure developed in the,

76-mm gun 1902 issue by the- gradual forcing of the band- into the

grooves increases 1froim 150 to 250 -kg/cin2 and abrupt-ly drops to 70
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2c ittteVnisfbly wedged in the groove§, f oi iowng which

-I siovly decreases -to 30 kg/cm at the muztzl fade of the guin.,

'Under aculfiring conditions, 'the wvakla of the barrel -jear the

rota'tibg band' undergo elast-ic deformation under gas pressure p0, -*hereby

the valls, are displaced or stretched fsrom posi tion, a, to p0ositiod. &"

(fig , 03),; 'this -deformation -is- transm~itted for ;a t'ertaih distiance

forward and' weakens, the action of f orces +anid V

rig.. 103 -The Action of Pressure p-in-Displacing
the Rotating, Ba3nd, of the Projectile

GRAPHIC NOT REPRODUCIBLm
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4: 4%

__ _Tp_____ ___o~le 24- Gun-Caatri

yp of Weight of- Weight of Weight Muize energy A.Angle~
gun- recilig projectile6 of of- v it

parts _______ charge' l_'t >

76-mmt~i 627.20 03545.85 25 94

jun 1909
I u" e

76-mm
cannon,* 5,70 6.20 1.08 1416.10 25. 7,06'41'

1902/00,
issuet

107-urn -

gun 13,00, 17.18 2.79 393,29 25 709'1
1910/30
issue.

Fgun-15 43.56 7.56' . 952.40 20 3 0'54 "1
F 190/34 8055t;

Issue

152-mm
howi-tzer 1435 . 40- 2.125 l19 20 3042
190930805
issue805

122-ms
howitier 570 __ 21.76 1,170 147. 10. 20 3042
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-Tabile 24,- tun ,Characteristics

ght Muzzle energy -" Angle- Dpth Xidth in m Number I'eg,.

reEl - --- ~nm tvist giroove., 'ln 'bto grooves I rif led'
- [Of pirt

33125 709'45-'1 1.0 3.0 7.,47 32 . 3419

6 --952.40 20 13054'25,,-i 1,5 I 3.0 1 6".97 4 8 1 3591 ,
J 8055,371, I j _ ,.

70 14T/.10,,26 3042100"- 1.015 ,3.041 7.60 36'.  1260
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' This was subs t-antia tidby the 'KOSA~rTOP jests, 'The bressure

hecessary for the trazsxtion of the piroJectle was dteterw~ined byp

~fring a shoirtened 76-mm cannon,. 'By using reduced c harges anid by

-klk -- b' 5ec g suc /har-es -ihereby a half ol 'the nuniber, of projec'tiles

I -red wu 4be ejected, from the bore-and t heotereanii,

it" wasi detierxined thtt a pressure of 15 0 kg/cmn2 was- not sufficient

-ififive the, band intq the opoves andwould. only- produce a hardly

* .perceptibI e imprint of th6 Frooveis-on the f-orward, portion of the
iotiiing bad t prciss/re of 22 5 to 275 -kg/c -2 soefth

-kqrjectiles- remained in, the .'bore and a numiber of, thremw as ejected

from -the ,bor* and droppead -near the .p. Thus, only, a skall additional

* pressure was, safficient to, eject, the projictile from the bore; the

- -actionk of f orce, :and V4 was-negligible6. in consequence, we shall

disregard. these force, -in Our future analysis.

Thstepessure p0 necessary~t oiec m h inertia of the

proj ectile ,is -equal *In t ,he given case, to 250 kg/cia2. This value

may-vary onsidertbly depending on the rifling and ,band diesign. In

c6ompilinig his tabies,*Prof,. *.F.-'Drozdov used the value of p - 300
2

kgcm . ; certain, authors use. p 0 W 400 kg/cm2' in their calculations,

Xrantz uses different values.for,p0 -varying from 270 kg/cm2 for

a 76-uimz cannon to 550 kg/ci f or rfein which the grooves are

relatively deep and the entire bullet rather than ~jus~t the rotating

band is. f orced to make the rifling,

Special tests conducted by Asst.. Prof'. P.N. Shkvornikov indicate

&,apressure of p0  300-400 1g/chl2 for rifles.

This yasurae p 0 will change-if the dipiueter of the band d0 or
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:its profLle is changed.

The value f p0 usually specif'ed for medium-calibe-r suns -is

p0  2 50"350-kg/cm2

Gabeau offers the foilowing, expression. for determining, pO:

0
H si:n a + V cosa

PO 4VU ---cos S, 1 + sin ,
d cos a- V sin a-T

where U,- Elastic limit of the rotat-ing -copper 'band, attained by the
band while, being forced into the grooves.;

H(b O ) - diameter of rotating band (reduced);
0 - -

d- caliber reduced;

CL - angle of twist;

* -,coefficient of friction. -.

U is. determined from the expressiono0.6
U- 3000 + 550,

where

- 0.1 + 1.1
100 d d

CH

PO - maximum diameter of rotating band,

dcH - diameter of projectile body at the rotating band,.

If we , disregard the- resitance present after the band is fully

driven into the grooves, the motion of the projectile may be assumed

to start at the instant the pressure attains, the value pO produced by

the partial burning of the charge V0 .
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int order- to obtatin prsue~ at donstan oue t s csrr

thata portion of charge deteprmined -from 'the f ollowing generai

4"-'+Tus "uto.b bured-

-. hu tiipressure to overcomp the inertia of the projecti-le is

Andirectly acc6%mted- for by the magnitudeY, of the, portion of: the.

crge burned by tUe time 4the projectile starts moving, and by, the

'66rresp~nding relatiVe part of the burned thickness zoo The initial

alealso depends on-the value of p;the higher the value of

,poi the gireater ii ,the stee per, the 'p, t curve at the, start of0 \(dt o_)
the;6 projectile "s -motion, ~And the higher the -maximum, pressure -p.

( 3.,FORCESDEVELOPED.AT THE DRIVING EDGES WHEN THE
PROJECTILE IS IN MOTIOIN

The angle formed by the bore -axis and, the direction of the rifling

grooves creates reaction forces between the driving.;edges of the

reif ling, and the rotating 'band As the projectile, umovis through the

bore. These forces N.at each groove are directed perpendicularly to,

the .Aurf aces of, contac t and create f ric tion f orces Vl N along the driv ing

edge in a direction opposite to fthat of the projectile's motion.

These forces and their components (acting in the direction of the

bore axis and a p'.ane perpendicular to it) impart a spinning motion

to the projectile and develop forces which counteract the translation

of the projectile (force R).

In order to determine the reaction force N of the grpove and the
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braking force R, let us ir.ngine the bore surface developed k plane

xy , with the x-axis parallel to the bore axis (fig. 104). Curve 00

depicts a g.roov- uith an increasing twist. Point A corresrtonds to

the center of the drivingedge, where N and VN represent, tihe forces

acting on each driving -edge, and ii is the number of gorooves.

We shall disregard the radial force and the force of friction .4

Let us resolve forces N and VN into their components al6ng, the

x and y axes:

N" - N sin a;, N' N cos a;

VN - N cos a'; VN" - YN s n a.

According to the law of mechanics, we will have the following

equation of motion:

1) The sum of the projections of forces along the x-axis equals
2

ddx

dtd

where I is the moment of inertia of the projectile about the

longitudinal axis;

S is the'angular velocity of the projectile.-

The moment of inertia of a projectile of mass m is

E.6 a r2 r 2 dm,

I whereAm -an element of the mass, located a distance ri from the-

axis of rotation, can be represented as:
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2

here ,,Is the radius of gyratfon, i'hich is det-rmined as follows.

, ,C

,ig. 104 - Forces Acting in the Rifling Grooves.

ift the entire mass of the boay rotated abbut the axis were

,concentrated in an infirnitely thin cylindrical layer at a distance p

from.,the axis, and the, value of f- is so chosen 'thalt the mouent of

inertia mf 2 is equal to the true aoment of inertia I, then this

( - - distance from the axis of rotation would represent the radius of

gyittion.

Let us write the' equation'of rotary motion for the projectile:

nrN(cbs a - sin a) - I 't (63)

Inasmudh as

V tan a
r

-- i- dvtta a dx dv 2 d tan a

)d (tan T+v ;_

4 dt 1 dt dx dt/ r dt dx
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for rifingi -,th ,an increasifg -twist,

d t.n Q taxi af) - tan

and for rif-ling vi'tb a uniform twist

k -0.
a

-Upon substituting the expressi-on for I and -.in formrula (63)

and deterwining the value of $~ we will get:

(an a.~m +a k 2)
- . (64)

n~r~ cos a - vsin a

dv
In o6rder to deierxmine the value of M in parenthesis, we shall

write the equation of translation:

PCHS - nNi(sin a + v cos a) dv (65)

where p His the gas pressure acting on the b~ase of the projectile;

nN (sin a + -Vcos a) R.

is the- resisting~force due to the reaction of n driving edges.

R dv

PCO R CH p t
(l CH

RThe value of -is-.snall compared with unity, and

PCO/
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Ii PCII5

PC H

where _I s a value slightly exceeding unity; this value will be

determined with greater accuracy later on.

Therefore,

dv PCH
dt 41

Substituting this expression in formula (64), we get:

i 2 tau a SPcH + tkakmv 2 ,

n l(cPs a - O'sin a)

.The expression in the denominator closely approaches unity:

ql(cos a - Vsin a) w 1.

We thus get the final expression for the reaction N of the groove if

the rifling has an increasing twist:

N -- ±) (tan a SPc H + k a mv 2 (t6)
n .r

For grooves having a uniform twist ka - 0 and the force is

N tan a SPc H .  (67)

The value of ) - depends on the type of the projectile and

varies between 0.48 for a buliet and 0.68 for a thin-walled high-
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explosive percussion shell.

For example:

for a circular solid cylinder....................0.50
for a solid bullet...*. ... 0 .48
for. armor-piercing thick-walled shells... ... 0. 0.56
for thin-walled percussion shells....... ....,. 0.64-0.68.

1nf order to, compute the stress in the band metal, the force N.

must be referred to the contact area between the driving edges of

the rifLing and the, band, i.e., to b0 t,, where t is 'the depth of

the rifling and b is: the width of the rotating band.,
0

Formula (67) shows that for rifling with a constant twist the

pressure exerted by the band of the projectile on the driving edge

of the rifling and, inversely, the pressure exerted by the driving

edge on the band while the projectile is ifn motion,, varies in proportion

to the pressure exerted 'by the gases on the baseof the projectile.

Therefore, curve 1 represent-ing the change oI force N as a function of

lis similar to the pressure curve (fig. 105), and the band of the

projectile and the driving edge .are subjected to a maximum stress at

the instant the pressure and the velocity of the projectile are at

a maximum.

1h

Fig. 105 - Effect Produced by Rifling on the Pressure N
in the Rifling Grooves.
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Formula (45) indicates that by. decreasing the initial groove

angle al, the first term in parenthesis, jfor the instant at which Pm,

--'is .deveibped can be considerably 4ecreased,. !nasmuch as the velocity

9f the.;projectile at -this ins'taht ;Is s-till s mall1 (a!s is the doubled

2
kinetic energy of 'the projectile, myv), then at the fnstant of maximum

developed pressure the vailue of N obtained according to form!la" (66)

(In the case of .an increasing twist)_ may be smaller than that, obta'ned-

by, 11 irmula (67) (for rifling with a 'uniform twist),.-

As the pressure continues to decrease,, the tan d increases, as

2
does the second term kamv . Hence, in, the case of 4n increasing -twist,

the pressure acting on. the driving edge varies more. uniformly than ,in-

'the case of rifling with a unifor-m twist. The force N may 'be varied,

.considerably by changing , the angles a1 and. a.

The curves in '-fig. 105 show the change of force N as a function

of the path of the projectile for rifling grooves with a,- const -and

for two riflings with a Variable a:

1') a - 10° -const,;
2) a 50 a 2 - 100;

a 20 a M 100.
"2

If the rifling equation is known, the dependence of tan a on the"

path of the projectile , can bq determined according to formula (62)

as a means for calculating the change of -N:

tan a - tan a1 + (tan*a2  tan a1 ) I tan a +k

.and curves p,1 and v-,, can then be plotted and the values of a, p and

v for the same values oft' substituted in formula (66). By substituting

expression (62) in equation (66), we will- get:
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'N -(tdn a s p + k Insp + k my 2 ) i an a sp + -~(Isp +
a n I I

The fJrst term represents, that pressure, Y which would obtain in a

riflting with a uniform twist whose afigle a-- al" This change is similar

to ,the change of the, pressure curve p,k, i.e., it first increases and

then decreases. 'The second term' depends onf, p and v,, Whereby., k p

and v increase until the pressure attains a maximum value, foiowing

which I and V continue to increase and p decreases. This, formulamakes

it possible to anal'yze the influence of each variable p, v and on

the pressure ,exerted on the driving edge.

The resistance offered by the rifling against the translatory

motion of the projectile is

R .' nN(sin a + v cos a) - nN cos a(tan a + V). (68)

For rifling with a uniform twist (assuming cos a 1'):

R- (tan2 a + Vtan a)SPCu,)

i.e., R is proportional to the gas pressure on the base of' the

projectile.

The magnitude c'fintroduced above, which takes into account the

braking effect of the rifling grooves on the motion of 'the projectile,

is also constant when the rifling twist is uniform:

Rf1  1+ - + ( (tan2 a + tana)
sp R
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The equaition of. translatciry inoiioni f the, projecti'le can be

rtten, as, flows

/ ~ C -1 dt~eU~~/

St~eI1 ,the fresistaxice -offiered. by the rif link 1r. the sante as ii

/ he mass of the projectile were increased. In the 4ipressioh 1, +

9~efiin 1 ,~ ,.,~ tan2 ax varies

between 0,'.O025, -o mal ic a- rif ling pitch h 45

caliber. -and. 0.02 5 (2.5%), for, -a very, steep pitch, (h-". 15 calibers)

Yor somdium angle of 'twist ax 6-71 tn 2 'a 0.01 (1%).

The, value of'-the, coef f c6iezot V 9tan a depends on 'both the angle,

'd and 'the coeff icient of f ricetion V) which--is usually taken, between

0.16 and 6.20,; on the averag e AV tan a-~ 0.01 (1%) .

VInyestigations made during the past -few years have shown that V

decreases -as the velocity of the projectile increases;, at v ;z- 200 rn/sec

VYx 6.100 and-it v - 1000 in/iec V -t- 0. 05.

tf ji suialytaken -to 'be equal to 'l-1.02.

For rifling with an increasing twist

R PC2?1-(tan C1 spA+f 'k my )(tan t + V),

and the miagnitude

+R

will no longer he a constant value. -
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4'. THE WORK DONE IN 6VERCO.VING THE RES;1S'FANCE R OFFERED

BY THE RIFLING GROOVES°.

In order to overcome the resistance R', the powder gases -must do

a certain am,)unt of work..

. For 'r.ifl.ang wi~th-,a unf ormn twist :

nN'cos a(t"an a +') A' (tan 2 a + V tan,

The work done in: overconitig this resistance is

tt

Rd X (tan a,+ a -s0,i dg,

'but
t

2

0

Therefore,

R

Rdt - X. tan a + Avtan a,
2 2

0

it can be shown that the first term represents the work done

in imparting a spinning motion E2 to the projectile, and the second

term represents the work done in overconing friction E
3

Both types of work are proportional to 2 " (to the work done

in imparting translation to the projectile) and can be written as:
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2 2

,where k _C9a a

22

2~ 2- :E 3 - Ytan a- -- 3 --- ,

where k -v tan a.

Comparing -it ,with the expression for fl' we find that

%1 0 I + 'k2 + k3 ,.

For rifling with an increasing twist:

CA

R - n(sin a + Vcos a), -)(tan dsOcH+ (*kaEv.2)(sin Qa + Vcos a)

- icos a(tan-asp-, + #flkamv2 )(tan a +V),

Substituting-therein the expressions

tan a - tan aI + Ia

tann tan2 a 1 + 2n p +  2

where

itan a2

tan'a1

we will get an xpression for R as a function of the projectile's path
1

--and its velocit v, and using the numerical value of Rdt we can

0
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determine the worlc done iii overcoming the resistanIce offered by a,

rifling' with an inicreasing twist.

CIIAP'Et 5 -DFRNATION OF FORMULAS FOR DIE1MINU NG' THE SECODARy

TYPES OF WORK INVOLVED,

1. WORK DONE IN SPINNING TIlE PROJECTILE

The work done in imparting a spinning motion to, the projectile is

expressed by t-he ftrmula

2 2

where 'I -moment of inertia, of the p1rojectile about the axis of rotation

( - )

S) .angular speed of rotation.

It was shown above that all four items of work under consideration
m

2

are proportional to the basic work E- and the expression for E
22

can be reduced to the foraf:

2k v

I -2 2 -

from which we can determine the value of k2 . We shall, substitute the

linear speed v for the -angular speed of the projectilefS:

v tan a

r

m2 v 2 ta / 2 2 .V

E. tan a X- k my
2r2  r. 2 2-

where
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2 2

2 r

The -6oefficient k2 Pnicatds the portion of the total work done

in spinning the projectile. this magnitude depends on the design or

type of the projectile () and on the ritfling of the bore the

" " angle of-t~ist a.•

2. THE WORK DONE IN -OVERCOMING TkE FRICTION IN TiHE
RIFLING GROOVES

The component of the force of friction on the driving edge

resisting the proJectile's motion is expressed by:

A VN cos a.

The work done ,in overcoming this resistance is

E3  nVN cos a, ,-- -

b"oc ause the path traversed ilong -the rifling-is /cos a.

Substituting here the expression for N:,
,t

2
E3  y, tanas p CHdA jVtan a 2

we thus get (2
k3 - 2 V'tan a,

i.e., the expression derived earlier.

The numerical values of k2 and k3 *ere likewise discussed earlier

in the text.
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3.-THE WORK DONE IN DISPLACING TlE CHARGE

In- displacing the projectile through, the bore, the powder gases

move together with it. whereby the unburned portion of the charge

may move likewise %inder 'the action of non-uneform pressures developed

in 'the bore. A portion of the developed energy is thus spent On the

displacement of certain portions of Vbh6 charge and On imparting kinetid

energy to them, which must be taken into consideration.

Inasmuch as no accurate data is available on the dis ribution

/i -the gas mass and the unburned porti a of the charge in the initial

air space, certain allowances must be resorted to when these factors

are taken into, account.

It is known that when a shot is fired wave motions may occur

whek the gases impinging on 'the base'of the prdjectile rebound and

encounter other gases flowing towards them, thus creating a localized

pressure rise. Furthermore, in efitering the narrower bore from the

chamber-# the gas stream become-s sina1,er in cross section, and this

may also. make it more difficult to expresa the law of motion in the

form of analytic functions. As a result it is necessary to resort

to certain simplified, expressions and allowances when determining the

work done in the displacement of the gases.

This problem is presented as follows: an expre6ssion must be

obtained Lor the kinetic energy of the portions of the, charge moving

with a variable speed, and an expression for linking'this with the

kinetic energy of the projectile.

In solving this problem, we shall make the 1ollowing allowances:

1) The bore, including the powder chamber, has the same area,

F-TS-7327-RE 343

-- .n-.4-~' ~~' - - - / -



e-qul to the cross-sectional area s.

2) At each position occupied by the projectile, the mass of

the charge is distributed' evenly throughout the entire space between

the base of the projectile and the base of the bore..

3), The eledientii of -the chaLrge have aL tianslatory motion. only,

and the, velocit-ies between i-ts, layers increase-ILrom zero at the base

of- the chamber -to v ait the base of -the projecti7ev- according, to the

linear ltwi

-4) The velocities of the particles at a given cross section aLre

'the same, and no friction exists between the particles of the charge

and the- walls -of the bore.

The diagram in fig-. 106 clarifies, the above.

We shall- designate:

v :velocity of the projectile;

Y- veloci~ty of a chatge element in a given layer;

-L ('/g - mass of charee,;

J- distance between chamber base and base of projectile.

At the insLnt the projectile had traversed a distance-tC,JA

is constant; it Varies with time, whereas we are cons idering 'the

condition of theicharge masses in the initial air space at various

distances x from the base of the chamber at every instant.

We shall sep rate an elementary layer of cross section s ;ind

height dx and desi nate its mass by dgi. The layer moves with a

velocity VJ; its. e ementary kinetic energy will be expressed thus:

- 2dI~vz
d- -

4 2
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In order to obtain an expression for the full kizietic energy,

this expression i .st be ititerrated for -L between zero aud A. We

will then find the kinetic eaergy of the charge, whose elements

move i-n the initial air space according to a gS'en law.

We have from the condition of uni-form mass distribution:

dli dx LI
.... or da - - dx.

Fig. 106 - Distribution of Velocities of the Gas Layers Back
of the Projectile

R) chamber base; b) projectile base.

From the condition that the velocity vt changes according to the

linear law and from similar triangles:

vw: v - x :31,

whence

VW T-

Upon substituting, we get:

dE v x t dx- tXx2dx.
4E 2 2

S2 2 l  211
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Integraving between the limi~Ls of- zero andnI ,. we get:

0 0

2 J1 !IV2 A3 1 v2  1. m 2E ° 2 1 . II d .

E 2fl3  
2n3 -- 3 2 3 m 2

because

q

then

3 q 2 41

Hence, in consequence of the allowances made, the work done in

moving the gases and the charge is proportional to the basic work E

The coefficient k - varies cons iderably depending ,on the
4

relative weight of the charge -. In low-power guns and howitzers
q

A -0.l0.0.15, in high-power guns it is about 0.30"'0.40. Consequently,
q

... 0.03 *0.13.
4 3q

This coefficient was obtained under specific assumptions regarding
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the distribution of masbes and velocities. ln actuality this

phenomenon is much more co.,plex -.:xd permits certain -llowances. For

example, F.F. Lender, In assuring that 'the greater portion of the

charge is concentrated nearer the chamber b e nd hence has at~1.
smaller velocity, obtained a coefficient b4  -- ; other authorities

assume b equal to 1/4 or 3/l.

4. THE EFFECT OF WIDENING THE CHAMBER ON THE WORK LQNE
IN DISPLACING THE GASES

The motion of gases in the presence, of a widened ch04mber represents

a complex problem in gas dynanics which has not been solved to this

,day. We, shall resort to a simpler' and less accurate relation *hich

takes into account the effect of .a widened chamber on the k4

coefficient.

The following allowances must be made in deriving this relation.

1) The gas mass is distributed uniformly in the initial air

space, but only that phrt of the mass is in motion whose cross-sectional

area s equals the cross-sectional area of the bore. The outer layers

adjoining the chamber walls do not participate in this movemont. As

usual, the interval gas friction and the friction between the gases

and the walls of the bore are disregarded.

eGRAPHIC NOT REPRODUCIBLE,

Fig. 107 -Motion of Gases 'in the Presenc~e of a Widened Chamber.

2) The velocity of the gas layers participating in the motion
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varies, linearly from zero at the base of the c:haniber to that of the

velociy of the projectile at its base.

By using this purely mechanical representation which does not. f
take into account the gas dynamics relating to the compression of the

gas stream,, we obtain the diagram shown in fig. 107.

The weight of the gases ,J' participating in this. motion relative

to the over-all weight of the charge W is expressed by the f olowing

formula:

" Ms(L +IM) + I +

w0 +sL

where X - go is the coefficient of expansion (widening) of the chamber

andA L

0
1

A+I

A + 1

The formula , for k4 derived above is applicable to this gas

mass:

-1

1'  W'  1 ........ b w

S b - 3 A , q

when 1- 1, k4 4 q 3

As A changes with the movement of the projectile, the coefficient

b varies fror b - at the start of ,motion when A-- 0 and tends
3%

, ( towards b - as A increases.
3 q

Because A varies, when integrating the equation of interior
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ba'llistics, the value of b must be taken as the av.rage value betw een

A 1
CP 3, A+: I'I '"

0

"2.303 ."

A table is comipiled for the values of *b (i.e., baverage) at two
1

lis&its A and %; at -I b - (Table 25).
3
Table 25

0.6 1.0 2.0 3.0 5.0 7.0 10".O

1.1 0.309 "0.312 0.316 0.319 0.322 0.324 0.326

1.5 0.246 0.256 0.272 0.282 0.293 0.300 0.306,

I2.0 0.203 0.218 0.242 0.256 0.273 0.284 0.293

3.0 0.159 0.179 0.211, 0.230 0.253 0.267 0.280

4.0 0.137 0.160 0.180 0.280 0.244 0.259 0.273

According to this table the coefficient b increases when A

increases and .* decreases and, tends towards I as the limit.
3

5. W OAK DONE IN DISPLACING THE RECOILING PARTS

If we designate the weight and mass of the recoiling parts by

QO and , respectiely, and the velocity by V, the work done in moving

the recoiling partslwill be expressed in the form:

YV 2  QO V
2

22
---.- - j49
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The-mass M is known, whereas the v(lhcity of recoil V can be

foundfrom the theorem 'of donservation of -momentum of the system

ba r re I.-charge proectile which is z'ubjected. to the action- of internal

f orces.

Howevere, it i's first necessary to find an expression for the

'absolutevelocity of the projectile v (with respect to the ground)

and for the average velocity of the charge v., portions of which move

behind the projedtile and behind the barrel itself.

Fig. 108 -Diagram • of the Distribution of Gas
-Velocities 'when the Barrel is Recoiled

1).chamber base; 2) projectile base.

In order to determine, the average absolute velocity v',)oA the

charge, we 6hall assumec,-as .before,, that the mass of the charge is

distributed .uniformly in the initial air 'space at each givon instant (

and that the velocity v'oj changes linearly from V at the base of the

chamber to va at the base of the projectile, whereby

Va MD V -L4.. ....

* here-v is the-relative velocity of the projectile in the bore ,of the

gun barrel (fig. 108).

If the velocity of the elerments of the charge varies linearly, the
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ave rkge velocity will be expressed, as the-half sum of the end

velocities, i..e.,

-V + va -V + -v -V
vV

4) cp " 2 2 2

In oustr-'ing the equation of motuentum and by assuming that

the velocities in the direction of the projectile's motion are positive

ahd those in the opposite direction are negative, we will get:

-MV + gVy'Wcp + mva

or, replacing v'' and va by their values in terms of the relative

velocity v of the projectile, we have:

-1w + 9 - - v m (v - V) - 0,

whence

M, +
2

V -V.

Substituting the value of V in the expression for E5, we get:
m +-I 2 +-L ! 72 5

m)V
2  22E5 -"-- 2 (M+ m+ L) 2  2X2 (i+ _ + ±_ 2

+ 2
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RptacfiKg the wasses by thei weights, we get

. _ _ _ _ _.... _ _ _ _ Y

2kq 2
The factor at is the coefficient-k

i2

5 Q i q2
0 1 + -'q + )

The factor k.5 depends in the main on the ratio between the weight

of theprojectile q and the weight of the recoiling parts QO; the

second factor incorporates onl'y a small change in this ratio. An

( approximate expression can be used in actual practice. Inasmuch as

.. + as well as -- are small and approximately equal to
Q0 Q q
each other,

If we express v cp in terms of the absolute velocity of the

projec-T ev, we will get:

-MV + k ) + DIva - 0,.

*,thefice
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m + tt q 1+t

• 1 a a

20 2 q) 0

a

The coefficient k characterizing the relative work of recoil isI 5
higher for howitzers than for cannon, because foi ° the same caliber

and projectile weight the weight of -the recoiling parts Q0 is

considerably smaller on howitzers than on cannou of the same caliber.

-6. SUMMATION O THE AUXILIARY WORK DONE

Upon i-vestigating the auxiliary work items invclved and determin'ing

a general expression for each in the form

my2

E- k i 2 kfEl,

an expression can. be compiled for expressing the total work dbne in

the energy equilibrium equation:

f Q. E1 + E 9 +E E +E 5 E Ei,

whereby

IE- E1 (I + G c + k 3 + k 4 + k 5 )'-.

The sum in parenthesis is usually denoted by(:

T 1 + k2 + k3 + k4 + k,

"A or

- tan a + 2 tan a + + q Q0 "+

Thus the total exterior work done by the gases when a shot is fired

is
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- i, 2

where f is- a coefficient representing the auxiliary or secondary work

done.

.Upon determining '{ when performing the -necessary transformations

for-the, solut, ion of the, fundamental problem of pyrodynamics, the suni

of the work E ..OE, in the right side of 4,16 equation may -be omitted

2
and-,replaced by -the coefficient ? Lis the coefficient representing

the ,secondary or auxiliary work items involved. It increases in the

main with the increase of the relative weight of the charge W/q.

In such cases -where design data on the gun. rifling are not

available, is calcula'tdd by means of simplified formulas.

For example, Prof. V.E. Slukhotsky offers the follGc.Aing general

expression for T :

3 q

by introducing into K the sum of allithe ki's except k4, which is

separately expressed by 1 -. The value of K varies with the type3 q

of gun:

for howitzers............... ......... K - 1.06
for medium-power cannon...... .......... K - 1.04-1.05
for high-power cannon....... ......... K- 1.03
for small arms.,.. ......... . . . ........ K - 1.10

The difference in the value of the, K coefficient for cannon and

howitzers is mainly obtained because ofIthe work done by the recoil

(k5 coefficient):

Sugot, offers the following expression forf:
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0o 1.5 (1 o

4 q

CILAP rR P - StPIMS'NTA NY POIMLMI.S

1. RELATION BETWEEN ThE P, 7SSf.RES EXERTEDl)N THE BASE
OF TilE BORE AND M!lL BASL OF ilE PROJECTILE

When the projectfle moves under t'he action of the powder gases,

the pressure in the initial air space is not ,uniform because the gases

are in motion and move with varying rates of speed.

In order to determine, the pressure exerted on the base of th.,

shell and 'the base of the bore, let us consider two sections of the

initial air, space: at base of the bore and the base of the shell,

and construct an equation of motion of the masses located to one side

(to the right) of these sections.

Then the projectile of mass m under the action of force PCH s

will be subjected to an acceleration j,, and the equation of motiou

for the section at the base of the projectile, with the resisting

forces taken into account, 'will be written as follows:

PCHs -

Thd gas pressure pH at the base of the shell will impart an

accelerated motion not only to the shell, but also to the entire gas

mass to the right of this section, between the base of the bore and

the base of the projectile. Therefore the equation of motion at this

section will be written thus:

PAHs - IIMj + ILj3 ,

where Li - mass of gases generated by the charge (including the still

unburned portion of the powder);
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3' mean acceleration of the charge moving with a'varying velocity ]
from one layer to another.

Dividing these equations to.m by term,, we get-

The ratio between the accelerations developed by the charge and

the projectile is governed by the.Zypothesis applied with regard to

the distribution of the mass of the charge in the inItial air space

and by the law of the change of accelerations at the various sections

of the space.

if the law governing the gas velocity change is linear, the ratio

'J3/J -t, equals 0.5 and this magnitude, usually called the Piober

coefficient, is the one used in most textbooks on the subject.

The problem dealing with the distribution of gas 'pressure in the

initial air space is analyzed in great detail by Prof. 1.P. Grave

F18 7 and,-recently, by Asst. Prof.. P.N. Shkvornikov f-7-7 who gives

a solution to this problem based on the assumptions commonly used in

gas dynamics with relation to gas motion under condition of uniform

density of the mixture of gas and unburned portion of powder at a given

position of the projectile in the bore. All the relations are derived-

from the fundamental equations of motion of the powder gases and the

burning charge which, in turn, are obtained from the general equations

of gas dynamics for a one-dimensional unstable gas motion.

{ The fundamental formulas developed by P.N. Shkvornikov follow.

Using the designations:

- - v - relative velocity of projectile;
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v - absolute velocity of projcctile;

V - velocity of recoiling parts;

q - weight of projectile;

- weight of recoiling parts; /

and - coefficients representing the resistances encountered by

the projectile in moving through the gun bore and by the

recoiling parts.

Introducing the designa:ion

1
(?,q +

2

'T2'%O -2

then

V iv - v
a +

and

V -

+i

The relation between p,, and pCH(*) will be expressed by the

formula:

(*) PA - pressure at base of bore; PCH - pressure at base of projectile.

F-TS-7327-RE 357

-

--.



'p Pcu }1 + 0,5 -* 1l

The otaximum pressure develops not rt the base of the bore but,

rather, at a distance x,,,, -i at the sectiou where the absolute

velocity o1 the powder gases is va -0.

In deriving the funda.-,ental equation of pyrod)namics and

assuming that pw m RTwy, the pressure p was understood 'to represent

a certain wean pressure which is identical at all points in the initial

air spade; it is assumed thereby that .the powder burns under precisely

such a pressure. The relation between p, p CH and-p is given in the

following form:,

- CH [ q ( 2)

3 ylq

to L2)
P PAH

1 + 1i 7c (i - i)
2 cfq

For a recoilless barrel i 0 and the formulas are simplified:

P PCH +

Multiplying both parts of this equation by &l, we get:

Ip "PCH 1 + - "P ( I + k 2 
+ k 3 +k 4 )

Hence, if we disregard the work done in recoiling the barrel,
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In such a case the equatroii of the projectile's motlon

sp mdv
Pc{ "fl' dt

will be equal to the equation of the projectile's wotion

dv

where p - mean gas pressure;

(- a coefficient which takes into account all the auxiliary

or secondary work done.

This constitutes a very important deduction, because it permits

to consider p and T to be identical values in both the fundamental

equations of pyrodyna.mics

ps(-e¥ + 2*) -f W,- GV
2

--- 'mV

and in the equation of the projectile's motion

dv dv
PS- hom - or ps - Tmv -j

• dt

whereby v is the relative velocity of the projectile (relative to the

bore), which is computed in solving the probletnof interior ballistics.

For cannon and howitzers '1 - 1.02, for sm.all arms using ordinary

bullets -1 - 1.05, for armor-piercing bullets tf 1.07.

The coefficient i depending on the distribution of the moving

mass in the system barrel-charge-projectile, may be considered to be
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equal

i - 0.0015 for rifles and machine guns.

i - 0.0030 for antitank guns

I- 0;020 for cannon

i - 0.035 for howitzers

This data was, arrived at from the analysis of the results obtained

by P.N,. Shkvornikov for some of our (Russian) artillery systemns and

small arms.

2. HEAT LOST TO ,THE BARREL WALLS THROUGH HEAT TRANSFER

When considering the heat lost to the walls of the barrel when

a gun is fired, we Shall take into account the heat transfer resulting

from the direct contact of the hot gases with the cold walls of the

gun barrel; we shall not consider the heating of the walis due to

mechanical reasons (energy of translation of projectile, friction by

the rotating band, and deformation of barrel).

The data entering these calculations were presented in Part I

of this book. The basic allowance used is the same as that assumed

in computing the heat transferred to the walls of a manometric bomb,

namely, that the heat loss is proportional to the number of impacts

made by the molecules against the wall of the bomb, which in turn

depends on F, p and t, i.e., on £_pdt, where z is the surface

area of the bore.

However, whereas the area Se remains constant in a bomb,

varies from the chamber area O to area Z of the entire barrel
0

surface. The chamber area is constantly subjected to the action of

the gases and thus takes up a portion of the heat energy, whereas the

area of the rifled portion of the bore participates in the cooling of
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th.- gases onl WhiLe tht. prujvctile is in totvon and -thus g radually.

tends to increas.e the initial air space. The nea-rer the rifled

porti.on to the niuzzle, the shorter will be the period during which it

will be subjected to the action of the gi3es, and the less heat will

it take up, when a shot is fired.

After -the projectvile 's, depat.,ture, the hea-t transfer to the wal-ls

continues along the entire area of the bore at -a constantly decreasing

pressure, but inasmuch ag this heat transfer no longer affects -the

actual shot (reduced pressure and velocity), we shall not consider it

for the time being.

In order to take into account the effect of heat transfer when

a shot is fired, it is first necessary to determine by means of bomb

tests the time t it takes for 'the powder to burn at A- 0.20, and'
K-

also the coefficienwt C frow the Muiraur C curve.

GAPHIC NOT REPRODUCIBLE

,7

Fig. 109 - Heat-Transfer Diag-ram According
to Miuraur

r%

If the powder were burned in the chamber at constant initial

charge density 0 , the correction for heat transfer would be determined

by the following formula:
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T , .' to,

777 4 V 0  10.

0

where. is- thc'chamber surface area- and -

-in- the length, and- D is the mean diameter of the.chamber.

If the powvder had burned all the time throughout the entire bore
space at a loading density of - - -t l od

expressed. by.the formula:

( ~ 7. - 774 W' (70)

where s the Surface are. of the whole bore.

Actually, the loss suffered when a shot is fired is confined

between .these tWo values, and in order to ,account for same when the
I

pressure 'and the cooling surface of the bore change simultaneously,

these changes whose 'increments are proportional to the path traversed

by the projectile must be known as a function of time.

With the p, t and E, t or ,, t curves at his disposal, Muiraur

suggested the following method for determining losses due to heat

'transfer.
E

The p, t (1) and -, t(II) curves are plotted on the same

EKH

diagram (fig. 109); point C' represents the end of burning of the powder

(p - px).

The area of the pressure curve OPop PKC'O corresponds to I -
tK__ K

C pdt obtained from bomb tests; the area C'p Kp C19 -I corresponds

0
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to the addi-tional cooixng which would obtain in the second period

after the end of burning of the .powder just before the projectile

leaves the barrel.

/ If the surface area were constant, the right side of the equation

would have to be multiplied by the area ratio in order to take the

heat transfer into account:

OPOPmPAC"O Ix +11>I

OpOP'PCC'O IK

But since the area varies-from the relative value - to-1 -

EKH
according to the law .expressed by curve II,, a correction ,must be

EK11

introduced into formula (70). by multiplying the ordinates of curve I

by the ordinates of curve 1.1; the obtained products are given in the

form of curve III.

The ratio of the area'OABp C"O - '-$Lpdt to I will then show
IKH

the part of the lo3ses computed by means of formula (70) that must

be taken in order to determine the loss obtained due to the simultaneous

change of the area and the pressure. Miuraur had found that this

ratio must be equal to 0.43-0.46.

Thus the loss due to heat transfer and the relative drop in

I,. temperature due to this loss will be expressed by the following formula:

I t
, AT , CM InH I 1i

CM- Y.7 41 £-pdt. (71)

7.74 KH A IK YKH0

The losses computed in this manner for various weapons amount to
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Il6 in the case of a 152-Mml Lannon and to, about 1 i% f or a rifle.

- . Therefore cooling through the walls when a -shot is fired varies

within very ,Tide limits and amountLs to from 1. to 15,1 of 'the total

heat energy; thus whereas an error of 1% could be disregarded, no

* such allowance can 'be mtad6 in the case of- a 1511 error, and the, latter

--error must thereftore be accounted for.

The method used by Miuraur for deztermining losses incurred during

:~a shot requires the availablity of pressure anid distance or path

curves as a f unction of time, which data- are usually obtained by Peans

6f. nuiaericil integration -or f rom A1141.- (ANII) or rAY(GAU)- tables.

The author had shown that the 'heat los't to the walls of the barrel

can be calculated also in- the absence of the p and 2curves as a function

of time,.

-earing in mind -that WKHKI W 0 -w pdt -dl. -the above

~ - formula can be rewritten thus:

_ _6 CM EIO1 Yd 1 di 72

T. 7.7 7.7 W 00 0 'K 72

£1 a-O

But rom he quaton f, 36io
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portion of the charge '0 is burned, corresponding to the true pressure,:

ve s i0 S

q) 0

0

This value serves as a means for determining the heat lost

in the chamber due to transf-er before the projectile starts moving.
a d l
The ratio can be replaced by the ratio+I

dv dv

v; + vK
K 0 K

-epresents the total surface area of the chamber 0 and
KH,

of the rifled port-ion of the 'bore 71d"'A, where d" is the reduced

diameter of the circle having the same perimeter as the perimeter

of the cross section of the bore including the rifling bores. If

the number of grooves is n, and their depth is t,

1( [ tH

Xd't - I (d + tH) + 2nt. -'d I + H +.1

Inasmuch as in the barrels of arti~llery pieces, tH O-.01-0.02d,

-d1 + (0.0l...O.02)(I + 0.64n) 7

when n- 28.

d- d-1 + (0.0l...0.02)18.9J - d -1.19...1.38_]- dl/- + a,_7.

The nupmerals in parenthesis show that the increase of the cooling

surface due to the presence of rifling is very great and becomes

greater with the increase of n and t /d.
na
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Inasmuch as -the met:, diameter of the powder chamber is

D dV

where ) ,c i tne widexiing cotefficient of the chamber greater than

uuitY,

4 KM 2 K M

Assuming, for the sake of sii;P3A1ity that

+ fv1 + a 7 _/- + a1_,
dKM

WO
whee - is the reduced length of the -chamber, we obtain expressions

0 S
for the areas of the bore at the start, at the end and at an inter-

mediate instant:

-0 " ld(1 + a)

0H 10 A

1 0 A
-1d(i + a)(E0 + 2; +

fJj o + K MIST +

- UA

Replacing dI and in formula (72) by their correspondingIK To

expressions, we get a relationship for the.heat transfer occurring while

the projectile moves through the bore in the form:
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_-, - _ l --- .(73)7. 774, o 01 7.--4 , Vo+ K

0 0

To this must be added the heat losses in the chamber during the

preliminary period, determined by the zaalogous formula

CM TO CM -rO 0oV6 _7

(74')7.7741WO . 7.774 LO f(v6 + VK )

1 Adding formulas (73) and (74), we get an expression for" the gas

temperature drop occurring while the projectile is in motion due to

heat lost to the walls: vF,

IONV6+ V)+ f dv

(C) CM o 0 CD V o
7.774 (75)

T7.774 cu o(V-o V )

Prior to the start of motion, v - 0, and expression (75) is

transformed into (70). Prior to the end of travel in the bore, v -v.,

so that:
v

C 10 RON + "A) + £dv
( _v) c [0 0 cM %

7.774 w o" 7.774 2 (76)
(T eO ,£(V{ + v K )

A curve depicting the velocities of the projectile as a function

of the traversed path A-is adequate for tht purpose of calculating this

loss.

The X, v diagram in fig. 110 constructed by the author indicates
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that represents a rat.iO of the areas

area aoefhda

area abcd

the rectang-le, aghd characterizes the loss incurred. in the chamber, -the

area of the curvilinear figure oefg represents the loss in the rifled

portion of the barrel, and the rectangle aokd represents the loss in

the preliminary period.

The factor jrepreseats the ratio between the total heat lost

to the;valls of the ent-ire bore, vhich takes into account the fact

that the rifled' portion enters into action gradually, as the projectile

moves through it, and the heat lost in the chamber at the end of burning

of the powder; the area of the chamber includes the area of the base

of the projectil-e.

By analogy, the coefficient characterizes the heat transfer

at a given tine.

When computing the cross-hatched area in fig. 110, v is the

independent variable and 1 is the dependent one. But the situation

will not change if we were to turn the graph around in such a way

as to obtain an ordinary curve of velocities v as a function of the

path . In such a case we would have a v, t graph (fig. 111) instead

of anl t, v graph, wherein the cross-hatched area lies above the v,

curve. The numerical values of " and A will remain the same, but

due to the change of the coordinates the expression for the area in

the numerator will be different:
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+ v.~

-0

)A- z 0(V6 + VK)

(

The relation between v and 2 can be found in the ANII or GAU

tables by means of the ratio

-A.

-To0

GRAHICNOTRE-PRODUCIBLE

%I

I R

Fig. 110 -Dia-ranlb for Couxputing Fig. Il1l Diagram for Cori.puting
the float Transfer in Terms the Heat Transfer in Terms of

of X, v Coordinates V, IZ Coordinates

00

'--ivin the reai nuet orn and a enoiao f by th dAisregardn

tvale of van o the nratoradbaigi idta

s- .

V +V ~ ,

0 K
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we get

v (1 + A) - vd ,

- 0l (1 +A) d A; -

0

V table t e e1 2  t

1tabl'e-.

On the basis of the constants assumed in the ANII tables

95,000 kg-m/kg; g- 9.81 m/sec2; 2 - 1.05; VT- - 955 and .
V table m/sec

9 V 5. . .
Therefore

S955 rB ( V table Vtabl e dA

0

IA. 955v (1 + A )Vtable Vtable

Incorporating these expressions in formiulas (75) and (76), we

will find the heat transfer losses incurred when a shot is fired from

the ANII tables.
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11 should be noted that 'Ai,tn calculdt1,.g -A Ot the n
2 30

W roust be expresoZl in cr n'J . ...
0

Iesults of Calc ilation. Calcula~tions, for a 7G-tri. cannon of 1902

issue measuring 30 calibers in length show that for a noral charge

iT ) % 1.8; when the charge is reduced the loss increases sonewhat

and amounts to 2.21. Upon increasing the length of the ,barrel to 50

calibers the loss incurred with a nornal charge equals 2.51, and is

t 3.1% for a reduced charge.

If expression (76) is presented in the forn.

where

we shall have the following data (Table 26) for a 76- m cinnon of'

1900 issue, using Cn strip powder (2e - 1.03 mm) (based on N.ii.

Zabudsky's tests) and C 4.61, when varying the charge.

Table 26

W 1.041 0.892 0.725 01.558
A 0.613 0.525 0.426 0.328
KT 0.553 0.646 0.795 1.034

"1K 1.36 1.51 1.75 2.24
3.01 2.83 2.54 2.11

KAT 0.75 0.98 1.39 2.32
T K

1.67 1.83 2.00 2.18

+  7.79 9.98 14.23 25.05
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This table shows th-t-when the 'charge Is decreased, the hat

transfer loss increases from 1.7 to 2.2%. When, the barrel length

is increased to 50 caiibers, the percentage value increases correspondingly

to 2.3 nd 3 When the charge is decreased the drop in temperature at

,the end of burning -becomes greater due to, the incrdased cooling surface

area, because the end ol burning is transposed towards the inuzzl.e (see

line, + 0)
K 0

Calculations for systems of different calibers have shown that

when the-caliber is incre/sed the heat transfer losses deccease because

,of the reduced value of *,Q and nolwithstanding the increase of CM
which increases slowly in the case of thick pGwders, )r fluctuates

between the limits of 2.25 and 3i75. The heat loss in a rifle amounts

to 10% and must be accounted for by reducing correspondingly the powder

energy f -,RT !, ie., as if the burning temperature of the powder were

reduced. For guns varying from 37 to 76 mm in caliber, the energy f

determined in bomb without corrections for heat transfer may be

considered acceptable, because the heat losses obtained in such guns

and' in bombs are about the same- (2-3k).
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